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ABSTRACT
PREDICTION OF CUTTING FORCES IN ORTHOGONAL MACHINING
By
T LAHRECHE
In this investigation two methods of machining analysis have been used to make 
predictions of cutting forces from a knowledge of the workpiece material flow 
stress and the cutting conditions. The first method of the analysis is used with 
three different materials namely EN 8, Aluminium and 70-30 Brass. In this 
analysis the work material flow stress is obtained from a simple quasi-static 
compression test where the effects of temperature and strain rate are considered 
to be negligible. Predicted results for the cutting forces obtained from the first 
method of analysis were compared with experimental results. The comparison 
of predicted results with experimental results shows only limited agreement.
In order to improve the agreement between experimental and predicted results 
the machining model was improved by the inclusion of flow stress properties 
obtained from high speed compression tests. In addition the effect of 
temperature on the flow stress was allowed for by the use of the velocity 
modified temperature concept. An excellent agreement is shown between 
predicted cutting forces obtained from the improved model of machining, with 
the cutting forces obtained by experiment.
Conclusions are drawn and suggestions for further work are made.
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NOMENCLATURE
Constant in the empirical strain-rate relation (Equation 7.2) 
Friction force 
Horizontal cutting force 
Shearing force
Vertical cutting force (or thrust force)
Tool-chip contact length 
Shear flow stress
Thermal conductivity of the work material in Equation (7.8) 
Shear flow stress at AB 
Length of AB
The slope of the idealized stress-strain curve
Force normal to the shear plane
Strain hardening index
Hydrostatic stress at any point
Hydrostatic stress at point A
Hydrostatic stress at point B
Resultant cutting force
Chip thickness ratio
Thermal number
Specific heat of work material
Cutting feed
Length to the width of the shear zone
r— iLAS, - s  i n^J 
Undeformed chip thickness 
Chip thickness
Ta b  Temperature at AB
Tc Average temperature rise in the chip
Tint Average temperature at the tool-chip interface
Tm  Maximum temperature rise in the chip
Tw Initial work temperature
U Cutting speed
Vc Chip velocity
Vs Shear velocity
w Width of cut
o  Rake angle
AK Total change in shear flow stress
AS, Width of the primary shear zone
AS 2 Undeformed length of the small element of the shear zone measured
along AB
Ap The change in the hydrostatic stress
fit2 Width of the secondary shear zone
<P Shear angle
£ Natural strain
£ Direct strain
£ 0 Constant in Equation (7.18)
V Constant in Equation (7.6)
TAB Shear strain along AB
TAB Maximum shear strain rate
TEF Total shear strain
Tint Maximum shear strain rate at the tool-chip interface
X Friction angle
Flow stress at strain (e = 1)
iv
(t True stress
crjsj Average normal stress
0 Angle made between the resultant cutting force and the shear plane
AB (Figure 27)
yp Angle made between a tangent to the slip line field "a" at any point
and a reference axis "x"
v
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A knowledge of the cutting forces in a machining operation is of considerable 
value to the engineer engaged in the design of machine tools, the production 
engineer responsible for the selection of a cutting tool, the metallurgist who 
must provide cutting tool materials with the appropriate strength and hardness, 
and the production planner who must select suitable jigs and fixtures.
The four decades following the end of the second world war have seen an 
enormous effort directed towards the measurement of the forces which arise
when cutting a workpiece, and coupled with this effort have been many 
investigations into the physical fundamentals of the cutting process. One of the 
principal objectives of these investigations has been the development of methods 
which would allow the prediction of cutting forces from the machining conditions 
and the workpiece material properties, thus offsetting the need to carry out 
expensive and time consuming cutting force measurements.
A survey of the work carried out shows that the problem of cutting force
prediction has been approached in three different, although overlapping ways.
(i) Empirical Equations
Machining processes are characterised by very large numbers of variables which
derive from the wide range of types of machining operation (single-point or 
multi-point cutting for example), the different types of workpiece material each 
with its own specific properties, coupled with the geometrical and kinematic 
aspects of any particular machining operation (for example, workpiece dimensions 
and shape, cutting speed; feed, depth of cut etc).
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On the basis of extensive practical machining tests some investigators have
attempted to classify the above variables into generic groups, eg workpiece 
properties, each of which can be represented by a coefficient, or constant. The 
group coefficients may then be incorporated with the cutting variables, eg speed, 
feed, depth of cut, into empirical equations for cutting force, power or surface
finish. The most detailed account of the procedures involved in the
development of empirical equations is that due to Kronenberg [1],
The principal restriction on the development of empirical equations is the
extensive testing which is necessary, because this involves considerable cost in 
terms of both time and money.
(ii) Machinability Data Banks
Banks of machining data have been developed over many years in particular by 
large industrial companies associated with the aerospace industries. One of the 
earliest data banks was established by Metcut Research Associates who carried 
out extensive practical conventional and non-conventional cutting tests for the 
American space programme. In more recent years the advent of large 
computers with massive data storage capabilities coupled with rapid retrieval has 
rekindled interest in machinability data banks. More recently established data 
banks incorporate information obtained from in-practice machining rather than 
from machining tests. The strength of data banks lies in their ability to 
provide information, concerning the machining of a new component, based on 
previous experience of machining similar components. Although modem data 
banks incorporate some empirical equations their ability to predict cutting forces, 
power and surface roughness is limited in cases where data from earlier
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machining situations is unavailable.
(iii) Analytical Approaches
A study of the machining literature shows that many attempts have been made 
to predict the cutting forces, roughness, tool wear, power etc, on the basis of 
fundamental studies of the deformation occurring during a machining process. 
Early attempts were based on a shear plane model of machining as described in 
Chapter 2, while later models have attempted to allow for the behaviour of the 
workpiece material as it passed through finite deformation zones.
In recent years models of the machining process have been analysed using 
slip-line field and finite-element techniques of stress analysis. Such models 
require large computers and extensive computer time if realistic results are to be 
obtained. This latter fact has restricted the use of analytical techniques based 
on slip-line field and finite-element methods.
It is clear that each of the above approaches to machining has its strengths as 
well as its weaknesses. In the last fifteen years a further alternative approach 
to machining has been developed by a number of workers which attempts to 
combine the simplicity of the early analytical approaches based upon the shear 
plane, or Mthin" shear zone, with empirical data relating to the properties of 
the workpiece material and the deformation zone dimensions. The type of 
machining model assumed is sometimes referred to as a Hsemi-empirical" model.
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The results of a limited number of studies using a semi-empirical model of 
machining have been reported, and the results for cutting forces and cutting 
temperatures look promising. However, results have only been reported for low 
and medium carbon steel. It would be valuable to investigate the accuracy with 
which cutting forces are predicted by the semi-empirical method, and also the 
case with which the semi-empirical method can be extended to non-ferrous 
materials.
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CHAPTER 2
PREDICTION OF CUTTING FORCES FROM METAL CUTTING ANALYSIS
2.1 Description and Terminology of Machining
2.2 Chip Formation in Machining
2.2.1 Continuous Chip
2.2.2 Continuous Chip with Built-Up-Edge
2.2.3 Discontinuous Chip
2.3 Deformation Zones in Machining
2.4 Temperatures in Machining
2.5 Forces in Machining
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2.1 Description And Terminology Of Machining
A machining process is basically a simple process in which the required surface is 
generated by providing suitable relative motion to the cutting tool and the 
workpiece. To produce the required surface, all conventional metal cutting
operations are similar in that the cutting tool removes a layer of material called a
chip as shown in Figure 1.
Simple cutting operations usually adopt one of the two basic tool workpiece 
geometries illustrated in Figure 2, and which are known as oblique and orthogonal 
machining operations respectively.
If the angle between the cutting edge and the cutting speed motion is other than a 
90 degree angle, then the cutting geometry is known as oblique (Figure 2a). If 
the angle formed by the cutting edge and the cutting speed motion is equal to a 
90 degree angle, this is known as orthogonal machining as shown in Figure 2b.
Although in practice, most metal cutting operations are oblique, most of the
research investigation, concerned with the mechanics of cutting have dealt with 
orthogonal machining, since this is effectively two dimensional.
Orthogonal machining can be carried out on a shaping (or planing) machine where 
the tool reciprocates over the workpiece, taking a cut on the forward stroke. In 
shaping or planing operations, the cutting speeds are limited and the cutting action 
is intermittent.
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An alternative arrangement which allows continuous cuts of longer duration is 
shown in Figure 3. This figure depicts the lathe method used for orthogonal
machining, which is widely used in research investigations.
Figure 4 shows a section perpendicular to the cutting edge through the tool and
chip. From Figure 4 it is shown that the cutting tool consists of two surfaces
intersecting to form the cutting wedge. One surface along which the chip flows is 
known as the rake face, and the other face of the cutting tool is known as the 
flank face. In order to prevent rubbing between the flank face and the new 
machined surface, the cutting tool is provided with a clearance angle.
One of the more important variables in a machining process is the slope of the
tool rake face, and this slope is specified in orthogonal machining by the angle 
between the tool face and a line perpendicular to the machined surface. This 
angle is known as the rake angle "a", and Figure 5 illustrates how the sign of the 
rake angle is defined.
In orthogonal machining, the depth of the material removed by the action of the 
tool with a cutting speed "u" is known as the undeformed chip thickness "t 1" 
(Figure 4). The thickness of the chip is known as the chip thickness "t2".
The ratio of the undeformed chip thickness to the chip thickness (ie t j / t j )  is 
known as the chip thickness ratio "rc". The acute angle which is formed between 
the plane AB (Figure 6) and the direction of cutting is termed the shear angle
-  8 -
The following sections have been included to give an overview of the main features 
which are likely to be encountered during a machining operation, and which can 
have a great effect on the prediction of the cutting forces.
2.2 Chip Formation In Machining
Whatever the cutting conditions may be, the chips produced are one of the three 
basic types, which were classified by Ernest [2] as follows:
(i) Continuous chip
(ii) Continuous with built-up edge
and
(iii) Discontinuous chip.
2.2.1 Continuous Chip
The continuous chips are associated with the machining of the more ductile
materials, such as mild steel at high speeds, copper, and aluminium. Machining 
with this type of chip gives good surface finish, low cutting forces, low cutting 
temperatures, and long tool life.
Most of the research conducted into metal cutting has dealt with continuous chip 
production since it can be considered to be a steady-state process. The formation 
of a continuous chip is shown in Figure 7.
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2.2.2 Continuous Chip With Built-Up-Edge
This type of chip formation is shown in Figure 8. It is similar to the continuous 
chip (stated above), except that hard metal builds upon the tool tip and acts as a 
very rough cutting tool, usually causing a deterioration in the surface finish of the 
workpiece.
According to Nakayama [3] this type of chip formation occurs at speeds where the 
temperature at the chip-tool interface is relatively low, so that fracture may occur 
within the chip along a plane approximately at right angles to the shear plane,
leaving behind a portion of chip attached to the tool face, as shown in Figure 8.
This attached material then acts as the cutting edge of the tool, and is called a 
built-up-edge.
Built-up-edge formation is a dynamic phenomenon in which the size of the
built-up-edge increases until it becomes unstable, fracture occurs, and sections of 
the built-up-edge are carried away in the underside of the chip and on the 
machined surface. Experimental work was carried out by Shwerd [4] on the 
built-up-edge formation cycle. It was shown [4] that when machining with
conditions which promote built-up-edge formation, an extremely rapid cycle of 
build-up and break-down is illustrated in Figure 9.
Trent [5] has shown that the conditions which promote the formation of the 
built-up-edge when machining steel and cast iron may be summarized on a graph 
of log (v) versus log (feed), and built-up-edge occurrence is then bounded by a 
straight line as shown in Figure 10.
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2.2.3 Discontinuous Chip
Figure 11 shows the formation of a discontinuous chip. Discontinuous chips are
produced when machining brittle materials such as grey cast iron and bronze, and 
normally ductile materials such as mild steel, at very low speeds and high feeds. 
The tool partly forms the chip before fracture occurs resulting in the formation of 
a discontinuous chip.
From an observation made by Iwata and Ueda [6] of the machining process inside 
a scanning electron microscopy, it was stated [6] that the type of chip formation 
transformed occasionally from one type to another, depending on changes in 
microscopic parameters (eg inclusions, morphology and grain boundaries) and in 
cutting conditions (eg rake angle and cutting speed).
The merit of each type of chip formation depends on which aspect of a machining 
process needs to be controlled. For the purpose of this investigation the 
continuous type of chip formation is most relevant since it can be treated as a 
steady-state process.
2.3 Deformation Zones In Machining
Studies carried out by many workers [7-12] have established that the process of 
chip formation during a machining operation involves a considerable amount of 
plastic flow. The bulk of this work occurs in two zones known as the primary 
and secondary deformation zones respectively as shown in Figure 12.
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The primary deformation zone is due to the extensive shear which accompanies 
chip formation. At high cutting speeds with a continuous chip the primary 
deformation zone resembles a narrow, parallel sided band which has been treated 
as a "shear plane” for the purpose of analysis by numerous workers [13-16]. 
Further attention will be given to the "shear plane" approach to machining in 
Section 2.5.
The secondary deformation zone arises due to the contact between the chip and 
the rake face of the cutting tool. This contact is characterised by heavy shear in 
lower layers of the chip producing a further amount of deformation.
Palmer and Oxley [17] studied the deformation in metal cutting. Using 
cinephotography to observe the flow of grains in a steel workpiece during 
slow-speed cutting, they found that the primary deformation zone had the form 
shown in Figure 13. This model was criticized because only very low speeds were 
used and also the tool and the chip are not in contact at the tool point.
A slip line field model constructed by Enahoro and Oxley [18] is shown in Figure 
14. This model demonstrates how the interaction between the chip and the tool 
affect the deformation in the lower layers of the chip.
Roth and Oxley [19] have constructed a model for the deformation zones which is 
a combination of the slip line field models previously proposed [17,18] and is 
shown in Figure 15.
The deformation zone in machining is very small [20] and it has been suggested 
that a size effect exists in which the flow stress in the deformation zone is greater 
than that of the bulk material. The flow stress can be increased significantly by
the high values of strain and strain rate. Both the strain and strain rate are 
known to have high values in metal cutting in the range 1 to 3 in the case of 
strains and between 10 5 and 10 Gs- 1  for strain-rates. The flow stress is reduced
at high temperatures which can in machining reach values in excess of 800 *C. 
The temperatures in machining will be dealt with in Section 2.4.
2.4 Temperatures In Machining
The extensive plastic deformation occuring in the primary and secondary 
deformation zones is accompanied by significant heat generation and high 
temperatures.
During machining heat is generated in the region of the tool cutting edge [21].
This heat can have a controlling effect on the properties of the workpiece material 
being machined, the rate of wear of the cutting tool, on friction between the chip 
and the tool, and thus, on the prediction of the cutting forces.
In machining, the workpiece material being machined is subjected to high strains,
and the elastic deformation forms a very small proportion of the total deformation 
[21]. It was assumed by Trent [21] that all the energy is converted into heat (eg 
when the material is deformed plastically).
Boothroyd [22] stated that the conversion of the energy into heat occurs in the
primary and secondary deformation zones as depicted in Figure 16.
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Figure 17 shows the experimental work carried out [22] for the determination of 
the temperature distribution in the workpiece and the chip during an orthogonal 
machining. In his attempt to calculate the temperature distribution, Boothroyd [22] 
deduced that the generation of heat was confined uniformly within the shear plane 
and the chip-tool interface rather than being propagated over a finite primary and 
secondary shear zones.
Several theoretical analyses of the temperature distribution in the workpiece and 
chip-tool interface have been carried out [23 to 26]. Figure 18 shows the 
idealized model of the cutting process employed in theoretical analyses [23 to 26]. 
In these attempts it was assumed that the primary shear zone could be regarded as 
a plane heat source of uniform strength (ie no heat is lost from the free surfaces 
of the workpiece and the chip, and that the thermal properties of the workpiece
material were constant and independent of the temperature).
In an attempt to find an exact solution to calculate the temperature in the 
workpiece and at the tool-chip interface, Rapier [26] decuded that an exact 
solution was not possible and further assumptions were necessary.
A useful suggestion was made by Nakayama [27], who assumed that no heat was
conducted in the material in the direction of its motion. Nakayama [27] carried 
out experimental work and compared the results obtained to the theoretical analysis 
suggested by the experimental and theoretical results are shown in Figure 19.
One conclusion was deduced [27], that is the maximum temperature in the chip 
occurs where the material leaves the secondary deformation zone.
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Murarka et al [28] carried out experimental machining tests in which the cutting 
temperature was measured for a range of 150 and 700 *C. It was shown that (i) 
the mean shear zone temperature increases slightly with increasing the cutting 
speed, and tends to become constant and (ii) the maximum tool-face temperature 
increases rapidly with an increase in cutting speed. This is shown in Figure 20.
From the work carried out by Hashmi [29] it is deduced that the shear zone 
temperature and the tool-chip interface temperature increase with an increase in
cutting speed as shown in Figures 21 and 22. The tool-chip interface temperature 
(Figure 23) increases slightly with an increase in the undeformed chip thickness,
and the shear zone temperature increases to a certain value and then decreases as 
the undeformed chip thickness increases as depicted by Figure 24.
It can be concluded from the foregoing work on the cutting temperatures that the 
temperature changes with a change in cutting parameters such as cutting speed and 
undeformed chip thickness. This change in cutting temperature can have a 
controlling effect on the properties of the work material and hence on the cutting 
forces.
2.5 Forces In Machining
Investigators in the metal cutting field have attempted to develop an analysis of the 
cutting process which provides a clear understanding of the fundamentals of the 
process and which enables the prediction of cutting forces without the need for
empirical testing. It should be realised that relatively simple cases have been 
studied and that the available methods of analysis have not been explored or
extended to allow for cutting with two or more cutting edges or with form tools. 
For a number of operations where cutting is performed essentially with one cutting
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edge, eg turning, the cutting theory is used to predict the important forces (ie the 
horizontal and vertical cutting force).
The cutting theory which can predict the cutting forces can only be used under 
one model of machining.
Several models to describe the process of machining have been developed; some 
have been fairly successful in describing the process, but none can be fully 
substantiated and definitely stated to be the correct solution. Thus, while none of 
the analyses can precisely predict conditions in a practical cutting situation, the 
analyses are worth examining because they can qualitatively explain phenomena 
observed and indicate the direction in which conditions should be changed to 
improve cutting performance.
As early as 1945 Merchant [13] had developed an analysis based on the thin shear 
plane model (Figure 25) within which he made the following assumptions:
The tool tip is sharp and no rubbing or ploughing occurs between the 
tool and the workpiece.
The deformation is two dimensional, ie no side spread.
The stresses on the shear plane are uniformly distributed.
The resultant force HR" on the chip applied at the shear plane is equal, 
opposite and collinear to the force R applied to the chip at the tool 
chip interface.
For these conditions a force diagram as shown in Figure 26 was constructed. 
The cutting force (ie horizontal and vertical) were established as:
(i)
(ii)
(iii)
(iv)
t ,  w KAB(X-a)
c s in  p  c o s (< p ± \-a )
*i w kAB s in (X -a )  
* s in  p  cos(^H-X-a)
where:
Fc - horizontal cutting force
Ft " vertical cutting force
“ undeformed chip thickness
w - width of cut
k a b  - shear stress
X friction angle
a  - rake angle
p shear angle
To determine the shear angle, Merchant [13] assumed that the minimum-energy 
principle applied in metal cutting, so that the deformation process adjusted itself to 
a minimum energy condition. He established this condition by equating d F ^ fd p  to 
zero, for constant cutting speed, that is,
dFp w Kab c o s  ( X—qi) cos(2^ + X -a)
d p  s i n 2 >^ co s  2 (^H-X-a)
f  ~  \  '  2  (X' a ) ( 2 ' 3)
The cutting forces were therefore expressed as
w ^AB cos(X -o:)F
and
c s i n [ ( T / 4 ) - ( i ) ( X - « ) ]  c o s [ ( T / 4 ) + ( i ) ( X - a ) ]  
2 t ,  w Kab co t p  ( 2 . 4 )
t , w Ky^ s i n ( X - a )
1  *  s i n [ ( x / 4 ) - ( i ) ( X - a ) ] c o s [ ( x / 4 ) + ( } ) (X-a)
-  t i  w KAB( c o t 2 p - l )  ( 2 . 5 )
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Equations (2.3), (2.4) and (2.5) were based on two further assumptions which make 
them open to considerable doubt. First they involve the minimum-energy 
principle, which is not supported by evidence; second, the differentiation assumed
X and are constants, independent of p .
Merchant [13] ran experimental tests to determine the forces, shear angle, 
coefficient of friction and shear-plane stresses in metal cutting. He found that the 
values obtained were different from the values expected. Quantitatively the shear 
angle relationship (equation (2.3)) has been found to be inaccurate. Also the shear 
stresses and coefficient of friction values were higher than those established by
conventional tensile and friction tests.
Oxley [30] applied a simplified slip-line field to a shear plane model in metal 
cutting. The model is shown in Figure 27. In his model [30] the deformation 
zone was assumed to be bounded by straight and parallel slip lines at an angle p  
to the direction of motion. In his analysis [30] Oxley has expressed the shear 
angle by the relationship
p  = 50-0.8 (/3-a) (2.6)
Experimentally, equation (2.6) was found to agree with measured shear-angle values 
somewhat closer than equation (2.3), but it is not an exact expression.
The deformation in metal cutting at very low speeds was studied by Palmer and 
Oxley [16], and they have presented a model shown in Figure 13 for their
analysis. In this model they suggested that the tool chip and the tool were not in
contact at the tool tip and that the chip was curved so that the contact zone was 
some distance up the rake face of the tool. A  disappointing feature of Palmer 
and Oxley's analysis is that the deformation cannot be predicted analytically, so
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that the cutting forces cannot be predetermined.
Another model of analysis shown in Figure 28 has been presented by Okushisma 
and Hitomi [31]. No attempt was made to fit a slip-line field to the deformation 
zone, but the analysis was based purely on the geometry of the boundaries of the 
zone. In some ways it was similar to the Merchant analysis except that a range 
of shear planes was considered.
From the foregoing models of analysis, the zone of deformation approaches the 
shear plane model as the cutting speed is increased. The model used for analysis
by Oxley [30] with the shear zone approaching the shear plane seems to be the
most valid. This model of analysis which is based on two main assumptions (i) 
the width to the length shear zone is taken as a constant and (ii) the flow stress 
data is taken to have the value of a quasi-static stress where the effects of strain 
rate and temperature are not considered. This model is then referred to as the
semi-empirical model of machining and is used in this investigation with three
different materials as described in the following chapter.
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CHAPTER 3
SEMI-EMPIRICAL MODEL OF ORTHOGONAL MACHINING
Introduction
Analysis
3.1 INTRODUCTION
It is usual when considering the mechanics of metal cutting [1-8] to restrict 
attention to orthogonal machining as described previously in Chapter 2, section 1, 
and it is usual to consider conditions under which the metal is removed in the 
form of a continuous chip.
Orthogonal machining with a continuous chip can be approximated to a plane 
strain steady motion problem and it is this class of problem which can be most 
easily analysed.
In the present investigation a semi-empirical model of machining has been used. 
The semi-empirical model incorporates theoretical aspects of analysis along with 
experimentally determined values, namely the shear zone length to width ratio and 
the work material properties.
3.2 MACHINING ANALYSIS
The model of chip formation used in this analysis in which the chip is formed in 
a finite plastic zone is shown in Figure 27a. The finite plastic zone is idealized 
to a parallel sided shear zone, with AB, CD and EF straight parallel slip-lines 
representing the directions of maximum shear-stress and maximum shear-strain 
rate. Chip curl is neglected and it is assumed that the state of strain, and 
therefore the shear flow stress, along each of the parallel slip-lines is constant.
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Neglecting any up-thrust on the base of the tool, the slip-line AB (Figure 27a) 
will transmit the resultant cutting force and it is therefore convenient to base the 
analysis on the slip-line AB.
The method of analysis is to analyse the stresses along AB and then to select the
values of shear angle "<p" (ie the angle made by shear plane AB and the direction
of cutting) to give a resultant cutting force direction across AB which is consistent
with the direction given by considering the angle of friction at the tool-chip
interface. From a geometrical view point AB can be looked upon as the shear
plane and p  as the shear angle. The angle p  is given by the following expression
as demonstrated in Appendix I:
t . , / t 2 cos  a ( 3 . 1 )tan  p -  ■=---------—7-----:------^ 1 -  t , / t 2 s m  a
where
t , : undeformed chip thickness
t 2 : chip thickness
and
a  : rake angle.
To describe the stress conditions in the plastic zone, modified Hencky relationships 
[32] with a workhardening term are used. These are:
Akp + 2 k^ + A s, = c o n s t  a l o n g  (a)  l i n e
( 3 . 2 )
Akp + 2k\p + A s 2 = c on s t  a l o n g  (/?) l i n e
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where:
p : the hydrostatic stress at any point
k : shear flow stress
\J/ : angle made between a tangent to the slip-line "a" at any point
and a reference axis ”x"
Ak : the total change in shear flow stress
As, : the width of the shear zone
and
As 2 : undeformed length of the small element of the shear zone
measured along AB, shown in Figure 27b.
The hydrostatic stress in the region of A is calculated from the free surface
condition in the surface ahead of A. At the free surface (ie in the region of A
in Figure 27a) the following conditions are assumed to apply:
(i) Boundary AB bends to meet the free surface at 45* (ie free surface
condition);
(ii) No force is exerted at the tool tip; 
and
(iii) The tangential and normal stresses on the rake face of the tool are 
uniformly distributed over the tool-chip contact region.
It follows from assumption (i) above that as p = k (compressive) at the free
surface it can be shown from slip-line theory that
PA  "  kA B  [ l  +  -  f ] ]  ( 3 - 3 )
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where:
PA : is the hydrostatic stress at A (ie the normal stress acting on AB
at A).
From Figure (27b) (ie the small element of the shear zone) as the material passes 
through the shear zone its shear flow stress will change as a result of 
strain-hardening and temperature. Therefore, the shear flow stress along CD (ie 
initial shear flow stress at zero plastic strain) is k -  Ak/2, and the shear flow 
stress along EF is k + Ak/2.
Resolving forces parallel to AB as demonstrated in Appendix I gives: 
4 P -  ( 3 . 4 )
where:
Ap : is the change in the hydrostatic stress.
Applying this equation between A and B, it can be obtained:
A k  / O  C \
pa  -  pb  -  ( 3 - 5)
P g  -  P A  -  t —  •- • •— ( 3 . 6 )rc As, S ln (5
where:
P3  : is the hydrostatic stress at B (ie normal stress on AB at B).
In order to calculate the hydrostatic stress P3  in equation (3.6), it is necessary to 
know the value of the total change in the shear flow stress Ak between A  and B. 
Therefore, let Figure 29 represent the idealized shear flow stress -  shear strain 
curve of the material corresponding to the shear strain rate in the shear zone (the
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slope of the curve and the total change in the shear flow stress will vary with
strain rate [34]). Then if the total shear strain occuring as an element of material 
passes through the shear zone at the slip-line EF is 7 , then from CD to EF the 
change in shear flow stress is given’by
Ak = m .^ p  (3.7)
where:
m : is the slope of the idealized stress-strain curve
and y e p  (the total shear strain) is given by [34] that is: -
c o s  a  t ' X  Q \s in  ip co s
The shear strain occurring along the slip-line AB (y a b ) *s given by
_________ co s  ot ,  Q
TAB 2  s in  <p cos(^>-a)
Before the theory can be used it is necessasry to know the width of the shear 
zone As1 in equation (3.6). Thus, an assumption must be made about the length 
to the width ratio of the shear zone (ie t^As^sin <p). From the experimental 
work carried out by Kececioglu [34] and Nakayama [35] when machining a range 
of plain carbon steel (0.13% C to 0.38% C) at relatively high cutting speeds (eg 
from 600 up to 1000 fpm), and Enahoro [36], Palmer and Oxley [9] when 
machining a range of plane carbon steel (0.13% C to 0.58% C) at low cutting 
speeds (eg from 3 to 17 fpm) it was found that t /A s^ sin  p changed with cutting 
conditions (ie it increased with increase in cutting speed). However it was shown 
that the value lay in the range 6  to 14 for all the cutting conditions used.
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For the purpose of the calculations carried out in the present work the ratio has 
been assumed to have a constant value of 1 0 , which is the mean value of range 
of variation reported by the earlier workers.
It follows that if the angle 9  in Figure 27 is the angle made between the resultant 
cutting force and the shear plane AB, it is then expressed [37] by the following 
expression
Pa + Pbta n  0  -  *  . ■ ” ( 3 . 1 0 )
2  kAB
The value of the angle 0 is also defined geometrically (Appendix I) in terms of 
the shear angle "pw, the friction angle "X" and the rake angle "a" that is:
0  = p  + X -  a  (3.11)
where:
0  : angle made between the resultant cutting force and the shear
plane AB
p  : shear angle made between the shear plane AB and the direction
of cutting
X : angle of friction along the tool chip interface
and
a. : the rake angle.
In order to determine the shear flow stress k^ g, uniaxial flow stress results are 
related to the plain strain machining conditions in the following way [38]:
A^B
€AB
1 n
1 eAB
t  • tabJ  3 •
( 3 . 1 2 )
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where:
kAB
&i and n
eAB
TAB
shear flow stress
are constants in the stress-strain curve given in the 
following equation a  = a 1 en  (where a  and e the axial 
flow stress and natural strain) 
natural strain 
the shear strain.
The resulting cutting force transmitted by the shear plane AB and also transmitted 
by the tool-chip interface is given by the following expression demonstrated in 
Appendix I:
„ kAB • t i  . w
where:
R
kAB
w
<P
e
s in  <p . co s  0 ( 3 . 1 3 )
resulting cutting force transmitted by the shear plane AB and the
tool-chip interface as shown in Figure 27
the shear flow stress
the width of cut
the shear angle
the angle made by the direction of the cutting force and the 
shear plane AB.
Once the resultant cutting force is known, the following geometric force relations 
(Appendix I) can be obtained as shown in Figure 26:
F„ -
N
F.
R c os (X -a )  
R s in ( X - a )  
R c o s  X 
R cos  0
( 3 . 14 )
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where:
Fc
Ft
N
Fs
and
R
A typical 
shown in
: is the cutting force against which work is done
: is the thrust force (or feed force)
: is the force normal to the shear plane AB
: is the shearing force
: is the resultant cutting force.
example of cutting forces calculation using the semi-empirical model is 
Appendix II.
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CHAPTER 4
EXPERIMENTAL TECHNIQUE AND PROCEDURE
4.1 Cutting Tests
4.2 Cutting Tools
4.3 Workpiece Materials
4.4 Compression Tests
4.5 Preparation of the Workpiece
4.6 Cutting Conditions
4.7 Force Measurements
4.8 Chip Thickness Measurement
4.9 Quick-Stop Device
4.10 Measurements of the Primary and Secondary Shear Zone Widths and the
Height of the Built-Up-Edge
4.11 The Scanning Electron Microscopy
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4.1 CUTTING TESTS
The machining tests were carried out on a heavy duty tool-room lathe. The latter 
was a Churchill Denhams model SRIOV 22" swing centre lathe, equipped with an 
infinitely variable range of speeds between 15 and 2000revs per minute; a 30Kw 
motor, and a choice of 54 longitudinal feed rates in the range 0.057 to 3.75mm 
per rev. The lathe is shown in Plate 1.
The cutting tests were carried out under orthogonal conditions. This was achieved 
by feeding the tool axially into the end of a tube rotating in the spindle of the 
lathe as shown schematically in Figure 30. The actual experimental set up is 
shown in Plate 2.
4.2 CUTTING TOOLS
The cutting tests were performed with cemented carbide cutting tools corresponding 
to the ISO P10 classification. A new tool was used for each cutting test. The 
duration of each test was short in order to ensure that tool wear effects were not 
important. The tools were designed to fit in the tool holder of a quick-stop 
device (the quick-stop device is detailed in Section 4-9jand had a flat at the top of 
their body for positioning and clamping in the tool holder.
4.3 WORKPIECE MATERIALS
Workpiece materials used to carry out the cutting tests in the present investigation 
were chosen to give continuous chip formation.
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The materials were:
(i) a medium carbon steel "EN8" in the normalized conditions,
(ii) an aluminium alloy, 
and
(iii) a 70-30 brass.
Composition of these materials is shown in Table 1.
4.4 COMPRESSION TEST
Quasi-static compression tests performed in this investigation (in order to calculate 
the flow stress data) were carried out on a standard testing machine, type Denison 
universal testing machine model T428 with a capacity of 50 tons (this is shown in 
Plate 3).
In order to perform the quasi-static compression tests, a cylindrical specimen of 
6 x6 mm in dimensions was prepared. The cylindrical specimen (Figure 31) used 
had plane end faces and was compressed between plane parallel platens that have 
been hardened and tempered and then ground and polished, as shown in Plate 4. 
The end faces of the cylindrical specimen were machined with shallow concentric 
grooves, that is to entrap lubricant. To minimise the frictional resistance at the 
interfaces (ie between the end surfaces of the compression specimen and the 
platens) a graphite in tallow was used as a lubricant. Results of the compression 
tests are dealt with in Chapter 5, Section 9.
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Table 1 : Composition of workpieces materials used
% EN8  Aluminium 70 -30  Brass
c 0 .3 8 - -
Mg - 0 .6 7 < 0 . 0 0 1
Si 0 .1 9 0 .6 0 < 0 .005
S 0 . 3 0 - -
Cu - 0 .0 3 7 0 .3
Mn 0 .8 1 0 .4 2 < 0 . 0 0 1
Ni 0 .1 6 - 0 . 0 0 1
Zn - - 2 9 .6 5
P 0 .0 1 4 - -
Fe Remainder 0 .2 3 0 . 0 2
Cr 0 . 1 8 < 0 . 0 1 -
Zr - 0 .0 3 -
Li - < 0 . 0 0 1 -
Mo 0 .0 5 - -
V 0 . 0 1 - -
A1 0 . 0 1 1 Remainder -
Pb 0 . 1 8
4.5 PREPARATION OF THE WORKPIECES
Test workpieces were prepared as follows:
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-  For the medium carbon steel "EN8", the tube was mounted between the
chuck and a rotating centre as shown in Plate 5. The tube was then turned
and bored to give a wall thickness of 3.20mm.
-  For the aluminium alloy and the 70-30 brass, the workpieces materials were 
brought with tube wall thickness of 3.20 and 3.35mm respectively.
4.6 CUTTING CONDITIONS
Two groups of cutting test were carried out under dry cutting conditions.
A. The first group of cutting tests were carried out under three sets of cutting 
conditions in order to investigate the effect of machining variables on cutting 
forces and chip thickness. The cutting conditions for the first group are given 
in Table 2.
B. The second group of cutting tests were carried out to investigate the effect of
machining variables on the dimensions of the primary and secondary 
deformation zones and on the height of the built-up-edge. The cutting
conditions for the second group of cutting tests are given in Table 3.
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Table 2 : Group A of cutting tests
S e t s  No. C u t t in g  Speed Undeformed c h i p  Rake ang le
"V" (m/min) t h i c k n e s s  "a” (de gre e )
" t ,"  (mm)
30 to  400
0 .4 8 8  f o r  EN8 
and aluminium  
0 .2 4 4  fo r  70 -3 0  
b ra ss
200 0 .0 5 7  to  0 .4 8 8
200 0 .2 4 4 -10  t o  +25
The cutting tool in Group A of cutting tests was held in a tool holder mounted in 
and secured to the top of a three component dynamometer as shown in Plate 5.
Table 3 : Group B of cutting tests
S e t s  No. C u t t in g  speed Undeformed c h i p  Rake ang le
"V" (m/min) t h i c k n e s s  "a" (degree )
"t ,"  (mm)
0 .4 8 8  f o r  EN8  
1 30 to  150 and aluminium 0
0 .2 4 4  for  
70-30  b r a s s
The sets of cutting tests in Group. B were carried out using a quick-stop device 
(the quick-stop device is detailed in Section 9). Experimental set up of Group B 
of cutting tests is shown in Plate 6 .
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4.7 FORCE MEASUREMENTS
The cutting force MFC" and the feed force "Ft" acting on the tool during 
machining were measured using the three component piezo-electric dynamometer in 
conjunction with an amplifier connected to a platform recorder. The dynamometer 
used was a Kistler Quartz type 9257A capable of measuring vertical forces in the 
range 0 -1 OKN and horizontal forces in the range -5  to +5KN with a resolution of 
0.01N. The experimental set up for the force measurements is shown in Plate 1. 
Plate 7 shows the amplifier and the platform recorder used. Typical trace of the 
cutting forces "FCM and "Ft" is shown in Plate 8 .
4.8 CHIP THICKNESS MEASUREMENT
Measurements of the chip thickness were needed in order to determine the 
orientation of the shear plane. To measure the thickness of the chip a digimatic 
micrometer in conjunction with a digimatic mini-processor was used as shown in 
Plate 9. The digimatic micrometer was a 293 series Mitutoyo type. This 
digimatic micrometer is a high precision electronic measuring instrument with a 
resolution of 1  micron.
The digimatic mini-processor connected to the digimatic micrometer was a Mitutoyo 
264 series -  it is a functional data processing unit for the electronic digital 
instrument with an output function. Digimatic mini-processor was connected to an 
AC adaptor from which the power was supplied. Experimental set up is shown in 
Plate 10.
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For each test condition ten measurements of the chip thickness were made at 
various points along the chip, and from these readings the mean chip thickness was 
determined.
4.9 QUICK-STOP DEVICE
In order to investigate the dimensions of the primary and secondary shear zones, 
and the height of the built-up-edge, the chip has to be attached to the machined 
surface. For this reason a quick-stop device was used as shown in Plate 11.
The quick-stop device used was an explosively driven bolt type (the bolt being 
provided by a human killer) and should not be used on speeds in excess of 
465m/min [39]. The cutting tool was held in place by a tool holder resting on a 
shearing pin strong enough to withstand the cutting forces. The shearing pin was 
a silver steel material of 1%C high carbon steel. When the human killer gun is 
fired, the pressure builds up in the firing chamber accelerates the hammer which 
hits the top of the tool holder. Under the action of impact of the hammer the 
shear pin breaks, and releases the tool from the workpiece. The tool holder is 
then brought to a stop by plasticine. In order to allow for the feeding action of 
the tool, a cant angle is provided so that the tool retraction from the workpiece 
takes place at an angle to the machined surface, hence avoiding contact between 
the latter and the tool flank after the quick-stop has been operated. Plate 12 
shows the quick-stop device used in the present investigation mounted on the 
cross-slide of the lathe and ready for machining operation. Plate 13 is a close up 
showing the tool holder, the machined surface, and the hole through which the 
hammer hits the tool holder.
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Immediately after the quick-stop device tool had been operated, the spindle 
rotation and the feed were stopped and drops of oil were put on to the machined 
surface attached to it the chip root, that is to preserve it (them) from oxidation 
and corrosion for subsequent examination and measurements. Then, the machined 
surface attached with the chip root, was parted off and numbered using an etching 
pen for identification later on.
4.10 MEASUREMENT OF THE DIMENSIONS OF THE PRIMARY AND 
SECONDARY SHEAR ZONE WIDTHS AND THE HEIGHT OF THE 
BUILT-UP-EDGE
Microscopy was used to examine the dimensions of the primary and secondary 
shear zones and the built-up edge. The chip attached to the machined surface 
(left when the quick-stop device was used) was parted off in a specimen of the 
size one centimeter smaller than the size of the mount ( 1  inch in diameter).
Methods of mounting and polishing used were metallurgically standard.
During mounting, the chip root was carefully and properly orientated to give plane 
strain after polishing of 1mm in depth of the sample as shown in Figure 32.
To reveal structural details by the preferential attack of reagents on metal surfaces 
etching was done.
Etchants used in this present investigation were:
A solution of 2%  nital used for etching plain carbon steels "EN8".
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The aluminium was etched with a solution of a hydrofluoric acid and mixed 
with water.
A solution of alco ferric chloride with water was used for etching the 70-30  
brass.
After etching, specimens were washed with water and alcohol, then they were put 
in an electrosonic cleaner to take off all the spots of dirt from the specimens. 
Then the specimens were taken to a scanning electron microcopy (as detailed in 
Section 5.11) to examine and to take pictures of the chip root as shown in Plates 
14 to 25. The angle at which the specimen was orientated in the scanning 
electron microscopy was taken zero degree.
Magnifications of the photographs (Plates 14 to 25) are stated under each 
photograph. From these photographs, dimensions of the primary and secondary 
shear zones, and the height of the built-up-edge were carried out by means of a 
ruler and their results are shown in Tables 14 to 17.
4.11 THE SCANNING ELECTRON MICROSCOPY
The scanning electron microscopy used in this investigation was of the type 
"PSEM500" shown in Plate 26. The PSEM is designed to combine high 
performance versatility and ease of operation with the special feature that full 
quantity of measurement could be made. It offers greater potential than a 
conventional optical microscope, being capable of resolving topographical details of 
less than 300A with a depth of focus 500 times that of an optical system.
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The basic principles of its operations are shown in Figure 33. Electrons are 
generated at a hot tungsten filament and accelerated through an anode by means 
of a 1 to 50KV potential with respect to the filament. The magnetic condenser
lenses reduce the electron beam diameter until a probe of 1 0 0  to 2 0 0 A diameter is
formed on the specimen surface. This beam of electrons generates a wide variety 
of signals when it interacts with a solid metal surface. These signals include
back-scattered electrons (high energy), secondary electrons (low energy), photons 
and x-rays all of which are produced by the scattering of the incident electrons by 
the atoms in the specimens. The deflection coils are connected to a scan
generator which causes the incident beam to be scanned over the specimen in an 
x-y  pattern. The scanning generator is also connected, in series, to the deflection 
coils of the cathode ray tube monitor so that the beam in the microscope column 
and the beam in the cathode ray tube are scanning the specimen and screen
respectively, in a synchronized manner. Thus, there is one-to-one relationship
between the position of the electron beam on the specimen and that of the spot 
on the cathode ray tube. Intensity variation of the spot on the cathode ray tube 
is controlled by the strength of the signal reaching the control grid. This signal, 
which is generated by the electron detection unit, is a direct function of the
secondary electron emission developed through the interaction of the primary
electron probe and the specimen. It is the spot intensity variation that forms the 
image on the cathode ray tube screen.
Once the chip root and the machined surface appear through the screen of the 
SEM and, after focussing, a picture is taken with the desired magnification by a 
camera incorporated to the SEM used in this investigation.
-  39  -
CHAPTER 5
RESULTS
5.1 Variation of the Cutting Forces with Change in Cutting Speed
5.2 Variation of the Chip Thickness Ratio with Change in Cutting Speed
5.3 Variation of Cutting Forces with a Change in the Undeformed Chip
Thickness
5.4 Variation of the Chip Thickness Ratio with the Undeformed Chip
Thickness
5.5 Variation of Cutting Forces with a Change in Rake Angle
5.6 Variation of the Chip Thickness Ratio with a Change in Rake Angle
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5.1 VARIATION OF THE CUTTING FORCES WITH CHANGE IN
CUTTING SPEED
The variation of the vertical and horizontal cutting forces with change in cutting 
speed is shown in graphical form in Figures 34, 35 and 36  for E N 8, aluminium
and 70-30 brass respectively. The results of the cutting forces with the change of
the cutting speed are also given in tabulated form in Appendix m .
5.2 VARIATION OF THE CHIP THICKNESS RATIO WITH CUTTING
SPEED
The variation of the cutting ratio with change in cutting speed for E N e, aluminium
and 70-30 brass is shown in Figure 37.
5.3 VARIATION OF THE CUTTING FORCES WITH UNDEFORMED
CHIP THICKNESS
The variation of the vertical and horizontal cutting forces with change in the 
undeformed chip thickness in cutting E N 8, aluminium and 70-30 brass, is shown in 
graphical form in Figures 38, 39  and 4 0  respectively. The results of the cutting 
forces with the change of the undeformed chip thickness are given in tabulated 
form in Appendix III.
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5.4 VARIATION OF THE CHIP THICKNESS RATIO WITH THE
UNDEFORMED CHIP THICKNESS
The cutting ratio variation with the change in the undeformed chip thickness is 
given in Figure 4! for ENe, aluminium and the 70-30 brass.
5.5 VARIATION OF CUTTING FORCES WITH A CHANGE IN THE
RAKE ANGLE
Vertical and horizontal cutting force variation with change in the rake angle is 
shown in Figures A t, 4 3  and 44 for E N e, aluminium and 70-30 brass respectively. 
Results of the cutting forces with variation in rake angle are given in tabulated 
form in Appendix ID.
«
5.6 VARIATION OF THE CHIP THICKNESS RATIO WITH A CHANGE
IN RAKE ANGLE
The variation of the cutting ratio with a change in rake angle for E N e, aluminium 
and the 70-30 brass is shown in Figure 45.
5.7 BUILT-UP-EDGE HEIGHT AND BUILT-UP-LAYER RESULTS
Results of the built-up-edge and built-up layer with variation in cutting speed are
given in Table 19.
Built-up-edge height is shown in Plates 14 and 15, and the built-up-layer is 
shown in Plates 16 and 17.
5.8 DEFORMATION ZONE MEASUREMENTS
Measurements of the primary shear zone width and the secondary shear zone are 
presented in Tables 20 and 21. Plates 18 to 25 show the variation of the primary 
shear zone width and the secondary shear zone with variation of the cutting speed.
Results of the compression test carried out in this investigation are presented in 
graphical form. From the compression results obtained, true stress-strain graphs 
are shown in Figures 4‘6, 47  and 4g for E N e, aluminium and the 70-30 brass. 
The value of <7 , in equation = C7 1£n is obtained as the engineering strain 
e = 1, and is shown in the Figures 46, 4 7  and 48 
for E N 8, a , = 940MN.m“ 2
5.9 COMPRESSION TEST RESULTS
for aluminium, cr1 = 360MN.m 2
and
for the 70-30 Brass, <7 , = 590MN.m 2
The value of the strain hardening "n" is obtained from:
Log <r = Log (7 1 + n log e
thus 10g(<7-(7, )  n £ — =-----------lo g  £
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6.1 INTRODUCTION
The prediction of the cutting forces, as described in Chapter 4, was carried out for 
given values of
(i) cutting speed
(ii) undeformed chip thickness
and
(iii) rake angle.
The predicted cutting forces were determined using the semi-empirical model for 
three workpiece materials, namely:
-  E N 8} medium carbon steel
-  Aluminium
-  70-30 Brass
and were then compared to the experimental results obtained from machining tests 
as described in Chapter 5.
6.2 VARIATION OF CUTTING FORCES WITH CUTTING SPEED
The predicted and experimentally measured cutting forces when machining the E N e 
and the aluminium are illustrated in Figures 34 and 35 respectively. From these
figures it is shown that both the predicted and the experimentally obtained results
have similar trends (ie the predicted and experimentally measured cutting forces 
decrease with an increase in cutting speed) but the predicted results are much
higher in magnitude than those obtained experimentally.
The fact of the decrease in cutting forces with an increase in cutting speed 
confirms results obtained by previous workers [10 to 13] and this fact is mainly 
due to a rise in cutting temperature which increases the ductility of the workpiece 
material.
When machining the 70-30 brass, it is shown that the experimentally measured 
cutting forces (Figure 36) are independent of cutting speed. The independence of 
cutting force and cutting speed when machining 70-30 brass was also shown by 
J E Williams [40]. The predicted results with 70-30 brass are shown to decrease 
with an increase in cutting speed and are much lower in magnitude than those 
obtained experimentally.
6.3 VARIATION OF THE CHIP THICKNESS RATIO WITH CUTTING
SPEED
Figure 37 shows the variation of the chip thickness ratio with change in cutting 
speed. The chip thickness ratio (Figure 37) increases with an increase in cutting 
speed. This increase of the chip thickness is due to the decrease in chip thickness 
(ie rc = t i / t 2) which occurs as the cutting speed is increased as shown in Table
16.
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6.4 VARIATION OF THE CUTTING FORCES WITH THE
UNDEFORMED CHIP THICKNESS
Predicted and experimentally measured cutting forces with a change in the 
undeformed chip thickness are illustrated in Figures 38, 39 and 4Q for E N 0, 
aluminium and 70-30 brass. Experimentally measured cutting forces in all cases 
increase with an increase in the undeformed chip thickness. The increase in 
experimental cutting forces is mainly due to the increase in chip thickness which 
occurs as the undeformed chip thickness is increased as shown in Figure 4. and 
also shown in Table 17. This fact of the increased cutting forces with an increase 
in the undeformed chip thickness was also shown previously [10 to 13].
Predicted cutting forces with the change in the undeformed chip thickness for E N e 
and aluminium (Figures 38 and 39) show the same trend as the experimentally 
measured cutting forces.
For the 70-30 brass, predicted results for the vertical cutting force show the same 
trend with resutls experimentally obtained. However, predicted results obtained for 
the horizontal cutting force show a different trend with the results experimentally 
obtained for the horizontal cutting force shown in Figure 40. This led to a 
verification of the assumptions made to the semi-empirical model used in this 
investigation.
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6.5 VARIATION OF CUTTING FORCES WITH RAKE ANGLE
The effect of rake angle on the vertical and horizontal cutting forces is shown in 
Figures 42, 4<3 and 44. It is clear that both forces decrease with an increase in 
rake angle. Previous workers [36 and 37] had also shown this fact.
The decrease in cutting forces with an increase in rake angle is due to the 
decrease in chip thickness which in its turn increases the chip ratio as shown in 
Figure 4i5. A decrease in chip thickness is due to lower friction between the rake 
face of the tool and the chip, thus a lower force is obtained.
6 . 6  ASSUMPTIONS MADE IN THE SEMI-EMPIRICAL MODEL USED IN
CHAPTER
As discussed before in Chapter the semi-empirical model used in this 
investigation makes the following assumptions:
(i) the length to width of the primary shear zone ,lsz" (which was found to
vary in the range of 6  to 14 [35 to 37] is assumed to have a constant 
value of 1 0 ) where:
S2  -  ■  10^  A s , s i n  <p
the value 10 being the mean of range ( 6  to 14).
From the foregoing comparisons of the predicted and experimentally obtained 
results for the cutting forces, it was shown that there is a poor agreement between 
the prediction of cutting forces and forces obtained from experiments.
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This led to an examination of the two major assumptions made in the 
semi-empirical model of machining, namely that the primary shear zone had a 
constant length to width ratio, and that the shear flow stress was constant.
It has been pointed out in Section 4.5 that earlier workers found the length to 
width ratio of the shear zone to lie within the range 6  to 14; since "sz" has an 
effect on the hydrostatic stress "pg" (equation 3-6), the predicted values of vertical 
and horizontal cutting force were therefore recalculated and the results are shown 
in Figures 4 9  to 52.
The hydrostatic stress "pg" affects the angle "8 " (equation 3 -10) which has a 
strong influence on the resultant cutting force "R" calculated from equation 3-13.
In equation 3 .6 , the hydrostatic stress "pg" shown to decrease with an increase in 
the ratio "sz" and vis versa.
Therefore, in order to decrease the magnitude of the predicted cutting forces with 
the case of the E N 8  and the aluminium shown in Figures 4 9  and 50, the ratio 
,,sz” has then taken the maximum value 14 of the range 6  to 14. From 4 9  and 
5 1  it is shown that the vertical cutting force found from prediction is similar to 
that measured experimentally. However, the magnitude of the calculated horizontal 
cutting force is much higher than the measured one.
In the case of the 70-30 brass the ratio "sz" is taking the minimum value 6  of 
the range ( 6  to 14), that is to increase the value of the predicted cutting forces. 
From Figures 51 and 52 it is shown that there is an agreement in magnitude of 
the predicted and measured vertical cutting force. Figure 52 shows that there is
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no agreement between the predicted and measured horizontal cutting force.
From the above discussion and changes in the values of the ratio, it is shown from
Figures to 5'Z that the horizontal cutting force found from the prediction has
different values than the measured ones.
The horizontal cutting force is calculated from the angle of friction "X" (equation 
3:14) which is affected by the hydrostatic stress "pb'\ since "X” is calculated 
(equation 3J l )  from the angle "8".
In order to improve the angle of friction MX", the hydrostatic stress has to be
improved. The hydrostatic stress "p b " *s not onty affected by the ratio "szM, it is 
also affected by the change in shear flow stress "AkM (equation 3.7). If "Ak" is
small the hydrostatic stress "pb" calculated from equation -3.6 has a relatively high
value and this means that the predicted cutting forces also have high values as is 
the case with the E N 8 and aluminium (Figures 49 and 50).
In the case of the 70-30 brass, the change in shear flow stress "Ak" is greater
than with both E N 8  and aluminium (shown in Figure 53 and also shown in Tables 
5 to 15), thus the predicted cutting force are lower than the measured ones.
Therefore the assumption of the ratio MszM is not the only reason for the poor 
agreement between predicted and experimental results.
The other assumption which is made in the semi-empirical machining model is that
flow stress is constant, no allowance is made for the effect of temperture and 
strain rate in machining which could also affect the predicted cutting forces (as the
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case with the change in the shear flow stress "Ak” on the hydrostatic stress "pg'1).
It is well established that cutting temperatures and strain rates in machining are
both very high. Cutting temperatures and strain rates both have a considerable
effect on the flow stress [41 to 44]. The flow stress data which allow for the
effect of temperature and strain rate encountered in machining are limited. The
only extensive flow stress data known is for plain carbon steel. The E N 8  is one 
class of plain carbon steel, thus a model which incorporates the effects of 
temperture and strain rate on flow stress is then described in the following chapter.
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CHAPTER 7
MACHINING THEORY ALLOWING FOR STRAIN-RATE AND TEMPERATURE
EFFECTS
7.1 Introduction
7.2 Analysis
7.3 Predicted Results
7.1 INTRODUCTION
In the semi-empirical model of machining used in Chapter 3, the chip formation 
process was represented by a single velocity discontinuity where the parallel-sided 
plastic zone for primary shear is similar to a thin shear plane [45 to 47]. It has 
also been mentioned that the semi-empirical model of machining the process of 
deformation is mostly taken into account in the primary shear zone. For this 
reason the mechanical behaviour was taken to be similar to that in using a simple 
compression test, where the strain rate and the temperture effects are not 
considered important. However, once the material has been sheared through the 
primary shear zone to form a chip flowing parallel to the rake face of the tool, a 
secondary shearing action is generally observed at the chip-tool interface. This 
process has been confirmed by metalographic observations [45 to 48]. By 
considering the two deformation zones in this analysis it is found that the flow 
stress of the material being machined is a major consideration (as is discussed 
earlier in Chapter 2).
7.2 ANALYSIS
The model of the chip formation used in this analysis is shown in Figure 54; 
plane strain, steady-state conditions are again assumed to apply (orthogonal 
machining) as shown in Figure 30).
The plane AB (Figure 54) near the centre of the chip formation zone, which is 
found from the same geometric construction as for the shear plane in the shear 
plane model of chip formation [48] and the tool-chip interface, are both assumed 
to be directions of maximum shear stress and maximum shear strain rate.
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The basis of the theory is to analyse the stress distribution along the plane AB 
and along the tool-chip interface in terms of the shear angle "<p" and work 
material properties. The shear angle is found from equation 3.1. Once 'V ' is 
known then the chip thickness and the various components of force are determined 
from the following geometric relations (as shown in Appendix I). 
t 2 = t 1 cos(p-o:)/sin <p 
Fc = R cos(X-a)
Ft = R cos(X-a)
Ft = R cos(X-a)
R sin X (7.1)
where:
w
N R co s  X
k AB w
kAB
co s 8  s in  y? co s  8
is the undeformed chip thickness,
is the width of cut
is the shear flow stress along AB
and the forces and angles are as defined before.
By starting at the free surface just ahead of A and applying the appropriate stress 
equilibrium equation along AB it can be shown that for 0 <  <p <  x/ 4, the angle 
8  made by the resultant "R" with AB is given by
ta n  8  = 1 + 2 [ j  ~ <p) -  Cn ( 7 .2 )
where:
C : is the constant in the empirical strain rate relation (Stevenson and
Oxley [46])
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7AB = CVS/L (7.3)
where:
TAB
and
is the maximum shear strain rate at AB 
(Figure 54) is the shear velocity 
is the length of AB
is the strain-hardening index in the empirical stress-strain relation
,n (7.4)a  = <7, el 
where:
a  and e : are the axial flow stress and strain
and
o', and n : are "constants" which define the stress-strain curve for given
values of strain rate and temperature.
From geometry of Figure 54, the angle 0  can also be expressed in terms of
another angle by the equation:
0  = + X — o: (7.5)
The temperature at AB which is needed together with the strain rate and strain at
AB to determine "k^g" and "n" is found from the equation
i i _ p  F c  c o s  a  I
Tar " Tw + V  c; * - ^ - 7 -------7 <7*6)w ' | p S t , . w  c o s ( ^ ) - a )  I
where:
Tw : is the initial work temperature
Fs : is the shear force along AB
r j(0 < r j< l)  : is a factor which allows for the fact that not all of the
plastic work of chip formation has occurred at AB
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p and S : are the density and specific heat of the work which is
estimated from the following empirical equations based on a 
compilation of experimental data made by Boothroyd (1963) 
[22]
/3 = 0.5 -  0.34 lg(R j tan <p) for 0.04 < R j  tan y>
(7.7)
0  = 0.3 -  0.15 lg(Rp tan <p) for R^ tan y? >  1 0  
with R j  a non-dimensional thermal number given by
Rt  = pSut,/k (7.8)
where
k : is the thermal conductivity of the work material. The limits 0 <
0  <  1 are also imposed.
The strain at AB is given by:
1j  c o s  a
TA B *—  ------- 7------r ( 7 .9 )/AD s i n  y) c o s ( y > - a )
The average temperature at the tool-chip interface from which the average shear
flow stress at the interface is determined is taken as:
F c . c o s  a
Tin t " Tw + p S t , . w ‘ cos(y>-a) + ^Tm ( 7 .1 0 )
where:
Tjyj : is the maximum temperature rise in the chip
and the factor ^ (0 <  <  1) allows for MTint" being the average value. Using
numerical methods Boothroyd (1963) [22] has calculated "Tj^" by assuming a 
rectangular plastic zone (heat source) at the tool chip interface and has shown that 
his results agree well with experimentally measured temperatures. [49].
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If the thickness of the secondary plastic zone (as it is defined in Chapter 2 Section 
4) is taken "5t2", where *6" is the ratio of this thickness to the chip thickness 
"1 2 ", then Boothroyd's results can be represented by the equation
l g [ ^ )  -  0 .0 6  -  0 . 1 9 5 8 [^ I ^ ii]  4 + 0 .5  l g [ ^ p ]  ( 7 .1 1 )
where:
Tc : is the average temperature rise in the chip, given by the following
equation:
Tc = F.sin ip/p.S .tr w cos(yr-a) (7.12)
and h is the tool-chip contact length which can be calculated from the equation:
t , . c o s  p  r  c *n  t
h - ---------------- 1 + TTTTo---Ta----- \ r ( 7 .1 3 )co s  X s in  ip I 3 [ l+ 2  x /4  -  i p )  -  c .n ]J
The above equation is derived by taking moments about B of the normal stresses
on AB (shear plane) to find the position of "R" and then assuming that the
normal stress distribution at the tool face is uniform so that "R" intercepts the tool
at a distance l/2h  from B. The maximum shear strain rate at the tool-chip
interface, which is also needed in determining the shear flow stress is found from
the equation
Tint = Vc ' « 2 (7.14)
where:
V : is the rigid velocity of the chip as shown in Figure 5 4-
This implies that the sliding velocity at the cutting face is zero, that is, that 
seizure has occurred in the tool-chip contact region. This is consistent with the 
findings of Trent (1977) [50] who has shown, using optical and electron microscopy 
to examine the chip and tool sections, that the contracting surfaces are, for most 
practical machining conditions, interlocked with adhering metal penetrating all 
irregularities in the tool surface. However, for steady-state conditions as assumed 
in the previous analysis as well as in this method of analysis, the material must
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leave the tool-chip interface plastic zone (ie secondary shear zone) with a velocity 
consistent with the rigid body motion of chip and the sliding velocity cannot be 
zero over much of this region. It can, however, be much smaller than the chip 
velocity over much of this region as can be deduced [16] from using a slip line 
field similar to that suggested by Roth and Oxley (1972) [19]. With fields of this 
kind the sliding velocity increases in moving along the cutting face away from the 
cutting edge B (Figure 54) and can have very low values, approaching zero value, 
while the velocities at the plastic zone boundary are still consistent with the rigid 
body motion of a rotating (curled) chip. The associated flow shows similar
features to those resulting from seizure with, in particular, the layer of chip
material in contact with the tool greatly swept back (retarded) relative to the rest
of the chip. Therefore, although equation (7.14) will overestimate yjnt and the 
cutting face will not be exactly a direction of maximum shear strain rate, and 
hence maximum shear stress, because there is a direct strain rate in this direction, 
the differences will usually be smaller and can for the purposes of the analysis be 
neglected.
The above equations used in this analysis are now sufficient to calculate cutting 
forces and temperatures for given cutting conditions, so long as the appropriate 
work material properties and the values of "C" in (7.2) and (7.3), the value of
”5 " in (7.11) and (7.14) are known. The resolved shear stress at the tool-chip  
interface is calculated in this method of analysis from the resultant cutting force 
obtained from the stresses on AB, that is
rint = F/(h.w) (7.15)
In this theory the values of "C" and "6 " in eqations (7.3) and (7.14) respectively 
have been assumed to remain constant over a range of cutting conditions for plain
-  58  -
carbon steel have been taken, on the basis of experimental results [30], as 5.9 and
0.05 respectively. To determine "C", Oxley and Hastings (1976) [37] considered
the stress boundary condition at the cutting edge B which had previously been 
neglected.
For a uniform normal stress at the interface the average normal stress is given
<TN = N/h.w (7.16)
The above stress can also be found from the stress boundary condition at B found 
by working from A along AB. If AB turns through the angle (<p-ct) (in negligible 
distance) to meet the interface at right angles, as it must do if the interface is 
assumed to be a direction of maximum shear stress, then it can be shown that
* n A a b  “  1 + \  ~ l0L -  2C‘n <7 *17>
and the value of "C" can be determined from the condition that oqyj and ojsj must
be equal. It has been shown by Oxley and Hastings [37] that the values of "C"
and "6 " predicted in this way are in good agreement with experimental results.
7.3 PREDICTED RESULTS FROM THE MACHINING MODEL
ALLOWING FOR STRAIN RATE AND TEMPERATURE EFFECTS
In making predictions (of the method of analysis allowing in the machining model 
for the strain rate and temperature effects) the flow stress and thermal properties 
of the work material had to be known. The flow stress properties were
represented by the values of ”<7 ," and Mn" which define the stress-strain curve in
(7.4) and which were taken to be functions of a velocity modified temperature 
"Tmod" expressed as shown in Figure 55.
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Tm0d = T ( l - -  lg c /£ 0) (7-18)
where:
T(k) : is the temperature
e : is the direct strain rate and
v and £ Q : are constants.
Figure 56 gives <rn and n values corresponding to the chemical composition (ie
0.41 % C )  of the work material being used with the present theory (with "Tmocj" 
calculated taking v = 0 .0 9  and e 0 = Is- 1 ). These were obtained from the results 
of high speed compression tests carried out over a wide range of temperatures 
done by Oyane et al (1967) [51]. The specific heat "S" and thermal conductivity 
k needed in the calculations were obtained from the experimental results of 
Woolman and Mottram [52]
S/(r.Kg_ 1  .K- 1 ) = 420 + 0.504 T/'C  (7.19)
and
K/(Wm~ l 2  K- 1 ) = 52.61 -  0.0281 T/*C (7.20)
The density p of the work material is assumed constant and taken as 7862 Kg/m3.
In making calculations (method II) for given values of cutting speed, undeformed 
chip thickness and rake angle, the following procedure is used. Initial work 
temperature "TWM takes the value of Tw = 20*C. For a given value "5" (the 
equilibrium 7jnt = K ^jp) values of "8" are found for a range of values of "C" 
[53] and the required value "C" is determined from the condition cjq = o^* This 
is repeated for different values of "6 " and the final solution of cutting forces is 
taken at the values of which maximises "Tmod" an(* ^1US minimises "K^ip"*
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In the calculation described here the temperature factors 17 and \f/ in equations 
(7.6) and (7.10) were both taken as 0.7 [53] based on the finite element 
determinations of temperature by Tay et al [54].
Predicted results, covering the same range of conditions as used in the experiments 
for the cutting forces are represented by the . lines in Figures 56, 57 and 58. 
Predicted results taken from this theory are also shown in Tables 29, 30 and 31 in 
Appendix m .
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CHAPTER 8
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK
8.1 Conclusions
8.2 Recommendations for Future Work
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8.1 CONCLUSIONS
1. A semi-empirical model of machining has been used to predict the cutting 
forces which exist when machining medium carbon steel, aluminium and 70-30 
brass. The effects of cutting speed, undeformed chip thickness and rake angle 
have been examined. Predicted and experimentally obtained values of cutting 
force show relatively poor correlation.
2. The length to width ratio of the primary shear zone, "sz", was found to
differ with each workpiece material, but was shown to exert only a small 
effect on the magnitude of the predicted cutting forces.
3. The change in the shear flow stress in the primary deformation zone "AkM
exerts a strong influence on the magnitude of the hydrostatic stress mPb " 
which, in turn, has a major effect on the cutting forces predicted by the 
semi-empirical model.
4. A modified model of machining which allows for the effects of strain-rate and
temperature on the flow stress of the workpiece material has been used to
predict cutting forces. This method (Chapter 7) produced close accord
between experimental and predicted results, but due to the lack of data for 
other materials, was restricted to medium carbon steel.
5. The absence of high strain-rate data for aluminium and brass, and restriction 
of the velocity-modified temperature approach to low and medium carbon 
steels, places a severe restriction on the semi-empirical method.
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8.2 RECOMMENDATIONS FOR FUTURE WORK
1. In order to overcome the restrictions of the machining model discussed in 
Conclusion 5 above, it is proposed that the flow stress properties of a range 
of workpiece materials can be obtained at strain rates similar to those 
occurring during machining (ie 1 0 4 - I 0 6 sec- 1 ).
2. Data of the required type could be obtained using a ballistics rig of the kind 
available in the Department of Mechanical and Production Engineering, 
Sheffield City Polytechnic.
3. The effect of temperatures up to « 800 *C on the flow stress properties should 
also be investigated.
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FIGURE 40 : Variation of the cutting forces with undeformed1 chip thickness 0,0) results 
obtained from experiments
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FIGURE 41 : Variation of the chip thickness ratio with the1 undeformed chip thickness
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FIGURE 57 : Variation of cutting forces with the undeformed chip thickness (+,0) results 
obtained from experiments
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FIGURE 59 : Machining model to determine the expression of, tan <{> (Appendix I)
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PLATE 1 : LATHE USED IN THE EXPERIMENTS
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PLATE 2 : EXPERIMENTAL SET-UP FOR ORTHOGONAL MACHINING
PLATE 3 : DENISON UNIVERSAL TESTING MACHINE
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PLATE 4 : (1) PARALLEL PLATENS
(2) CYLINDRICAL SPECIMEN
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PLATE 6 : QUICK STOP DEVICE MOUNTED ON THE LATHE
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DYNAMOMETER DURING FORCE MEASUREMENT
PLATE 8 :
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TRACES OF THE CUTTING FORCES
(1) Horizontal Cutting Force MFr "
(2) Vertical Force wFt"
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PLATE 10 : DIGITAL MICROMETER AND ITS EQUIPMENT
0 ) Digital micrometer
(2) Digital mini-processor
(3) AC adaptor
(4 ) Connector wire
(5) Ch ip
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PLATE 12 : QUICK STOP DEVICE MOUNTED ON THE CROSS-SLIDE OF
THE LATHE
(1) Tubular workpiece
(2) Quick stop
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PLATE 13 : QUICK STOP AND ACCESSORIES
(1) Human killer gun
(2) Quick stop body
(3 ) Standard spacers
(4) Shear pins
(5) Machined surface and chip root
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PLATE 14 : BUILT-UP-EDGE HEIGHT AT SPEED U = 30rm.min~Q
Magnification (200x0.85)
6 B 5 B
PLATE 15 : BUILT -U P-ED G E HEIGHT AT SPEED U = 60rm.min~M
Magnification (200x0.8)
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PLATE 16 : BUILT-UP-LAYER HEIGHT AT SPEED U = eOfm.min"1]
Magnification (200x0.8)
—
6 B 5 H' -  / ?
PLATE 17 : BUILT-UP-LAYER AT SPEED U = 80fm.min~U
Magnification (200x0.8)
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PLATE 18 : PRIMARY DEFORMATION ZONE WIDTH WHEN MACHINING
EN„ AT SPEED U = 60[m.min~1] AS, = 0.15mm 
Magnification (50x0.8)
PLATE 19 : SECONDARY DEFORMATION ZONE WIDTH WHEN
MACHINING EN q AT SPEED U = 6Q[m.min~1l 
5t., = 0.086mm 
Magnification (200x0.8)
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PLATE 20 : PRIMARY DEFORMATION ZONE WIDTH WHEN MACHINING
EN q AT SPEED U = 60fm.min~M AS, = 0.13mm 
Magnification (400x0.8)
PLATE 21 : SECONDARY DEFORMATION ZONE WIDTH WHEN
MACHINING ENa AT SPEED U = SOfm.min"1] 
3t-, = 0.064mm 
Magnification (200x0.8)
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PLATE 22 : PRIMARY DEFORMATION ZONE WIDTH WHEN MACHINING
E N g AT SPEED U = 150fm.min~1 ] AS, = 0.10mm
Magnification (200x0.8)
PLATE 23: SECONDARY DEFORMATION ZONE WIDTH WHEN
MACHINING E N a AT SPEED U = 150fm.min~11,
3t = 0.064mm
Magnification (200x0.8)
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PLATE 24 : PRIMARY DEFORMATION ZONE WIDTH WHEN MACHINING
EN g AT SPEED U = ISOfm.min- 1 ] AS, = 0.10mm 
Magnification (400x0.8)
PLATE 25 : SECONDARY DEFORMATION ZONE WIDTH WHEN
MACHINING 70-30 BRASS AT SPEED U = nOfm.min- 1 ]
5t, = 0.029mm 
Magnification (800x0.85)
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PLATE 26 : SCANNING ELECTRON MICROSCOPE USED
APPENDIX I
DEMONSTRATION OF SOME EXPRESSIONS USED IN THE 
SEMI-EMPIRICAL MODEL (CHAPTER 3)
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DEMONSTRATION OF EXPRESSIONS
1. The expression for shear angle given in equation (3.1) is obtained from a 
geometric view-point as follows:
t ^ / t 2 c o s  a
t a n  10  -  -z--------  — j - ----------------^  I -  t , / t  2 c o s  a
In the geometry of Figure (59) it is shown that 
the triangle SBF gives:
a  + 90 + (z) = 180
so,
z = 180 -  90 -  a  
z = 90 -  a
-  and, from the triangle AEF:
z + 90 + y = 180 
z = 90 -  a  
therefore
90 -  a  + 90 + y = 180
thus,
y = 180 -  90 -  90 + a  
y  = ot
-  if the distance AF (Figure 59) is equal to K then
* 2c o s  a  -  —
and
c o s  a
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t a n  a  -  ~  w h e r e  m -  DC * 1
m =■ 1 1 t a n  a
then
tan  <p -  - m
and replacing K and m by their values so that,
* 1ta n  y? = - — ----------------— - ------r  t 2/ c o s  a  -  t ,  ta n  a
ta n  <p + / 4- S111 ^t 2/ c o s  a  -  t , co s  a  
and,
t , / t 2 C O S  Oftan  W “  ■=------ 7 72------ :---r  1 -  t , / t 2 s i n  a
2. The change in the hydrostatic stress zip which occurs between A  and B in 
Figure (27) and which is expressed in equation (3.4), is demonstrated as 
follows:
AS jA p - A K ^
Figure 2 shows an element of the small shear zone.
From the equilibrium it is obtained:
(P + Ap)AS, + [k -  j ^]AS2 " PASi + [K + t ] AS2 
(P + Ap)AS, + [K -  ^ ] 4 S 2 -  PAS, -  [K + ^ ] & S 2 «  0
Ak' AY.PAS, + APAS, + KAS2 -  p  AS2 -  PAS, -  KAS2 -  j -  AS2 -  0
APAS, -  AKAS2 -  0
-  1 4 2 -
so,
AP -  AK ASAS
Integration of the expression 
AS,AP -  AK AS,
along the shear plane AB gives:
rA fQ
AP
B
^ - A S  AS, 2
where,
Q =  AB s in  <p
and
AK . „ „-r=— i s  c o n sta n t
thus,
Pa -  Pb AK *AS, s in  y?
3. The angle 0  in equation (3.11) is determined geometrically as follows:
The geometry of Figure (60) gives:
(a) from the triangle BDE:
180* -  X + f + g = 180*
(b) from the triangle ABC:
a  + 90* + 90* -  g = 180*
and
(c) the triangle GHF gives:
<p + f + 180* -  0 = 180*
-  143 -
from (b) it is obtained:
g = 180* -  180* + a  
g = a
from (b) and (a) the following result is obtained
180* -  X -  f -  a  = 180*
thus
f = -  a  + X
and from (a) and (c), the following expression is obtained:
<p — ct + X + 180 — 0  = 180
and
0 = <p — at + X
The resultant cutting forces transmitted by the shear plane and the tool-chip 
interface given in equation (3.13) and the forces given in equation (3.14) are 
demonstrated as follows:
From Figure 26 it is shown that
FsCOS 0  = =r—JK
so,
R FsCOS 0 ‘
The shearing force Fs is expressed by:
Fs = k AB x As
where
Ka b  is the shear stress
and
Ag is the area of shear plane.
Ag is then expressed by:
Ag =  w x  Ga b
where
and
a) is the width of cut
Ga b  k  length ° f  ^ e  shear plane expressed by 
t ,
'AB s i n  <p
Thus,
F s  — K a b . o).  —j-------s  s i n  p
and the resultant cutting force is then
r  -  K A B - ^ i
s i n  p  c o s  9
F cc o s ( X - a )  =*
F c  =  R  c o s ( X - a )
Fts i n ( X - a )  =  g -  
F t  — R  s i n ( X - a )
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APPENDIX n
AN EXAMPLE OF CALCULATING THE FORCES IN USING THE 
SEMI-EMPIRICAL MODEL
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An example of calculating the force in using the semi-empirical model (Chapter 3).
In order to show the semi-empirical model used to predict the cutting forces an 
example of the analytical results is given as follows:
let -  the speed U = I50m.min” 1
-  the undeformed chip thickness t, = 0.488mm
-  the width of cut (ie of the tube) a) = 3.15mm.
-  the chip thickness t 2 = 1.21mm
and -  the work material is a medium steel ENa
-  the rake angle a  = 0
To begin with:
the shear angle is determined by:
t . / t ,  co s  a
tan  <p -  ---- 11 -4 ------- *----------- ° - 403r  1 -  t , / t 2 s i n  a
so, the angle <p is equal to 21 *96'
<p = 21*96'
-  the hydrostatic stress p a  is calculated from
PA “ kAB[a + 2 [J " ^]] 
the shear stress kAB 1S determined from equation (3.12) as follows:
. n
B -  ^  £AB
where a , = 940 M N.m"2 and n = 0.1 which are obtained from the 
compression test results (after plotting the stress-strain curve).
-  147 -
When the value of the angle y? is 21 *96', the shear strain occurring
along the ship line AB in equation (3.9) will have the value of
TAB = 3.02, thus the natural strain equation (3.12) is
e AB ”  y  J  -TAB =* 1 - 6 6 2 .
Therefore,
kAB = 573MN.m“ 2
and
PA = 1059MN.m” 2.
The hydrostatic stress pg is determined from:
Ak
PB PA AS 1 ’ s i n <p
the value of Ak (the change in shear flow stress) is determined from
equation (3.7)
Ak = m ygp
where m is found from idealized stress-strain curve (Figure 53) so that: 
Ak -  28.13MN.m-2 
m =* 9
Thus,
pg =- 788MN.m“ 2 
Then from equation (3.10) tan 9  = 1.61 so, 0  = 58*18'.
When the angle 9  is calculated, equations (3.11), (3.13) and (3.14) are 
then obtained as:
from equation (3.11) X = 37*29'
(3.13) R = 4.728KN 
and (3.14) gives Fc = 3.75KN
Ft = 2.87KN.
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TABLE 4 : EXPERIMENTAL RESULTS -  MATERIAL : ENa
V
[M.MNT1 ]
30
60
80
120
150
250
400
200
200
S
[MM.REV"1] 
.488
.057
.079
.099
.158
.244
.334
.488
.244
a f c Ft
El] [RN] [KN]
o' 5 .2 5 0 4 .3 5 0
- 4 .7 0 0 4 .000
- 3 .5 0 0 2 .5 0 0
- 3 .0 0 0 1 .850
- 2 .9 5 0 1 .550
- 2 .9 0 0 1 .250
- 2 .7 0 0 1.050
0* .525 .500
- .675 .600
- .875 .750
- 1 .200 .837
- 1 .700 1.025
- 2 .0 7 5 1.025
- 2 .8 2 5 1 .300
-10 1 .725 1.225
-5 1 .650 1.075
0 1 .650 1 .025
+5 1 .600 0 .875
+10 1 .575 .875
+15 1 .350 .525
+20 1 .350 .550
+25 1 .425 .650
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TABLE 5 : PREDICTED RESULTS -  MATERIAL : ENg
V
[ra.min-1 ] 30 60 80 120 150 250 400
t 2 [mm] 2 .1 9 1.745 1 .588 1 .390 1 .292 1 .0 92 0 .9 3 6
p O 12 .56 15.62 17 .08 19 .34 20 .6 9 24 .0 7 27 .5 3
tab 4.71 3 .85 3 .5 6 3 .2 0 3 .0 2 2 .6 8 5 2 .4 4
eAB 2 .7 2 2 .2 2 2 .0 5 1 .84 1 .74 1 .55 1 .4 0
KAB[MN.nT2] 600 587 583 576 573 567 561
AK[MN.m“ 2] 42 .3 2 34 .59 3 1 .9 8 2 8 .7 5 27 .13 2 4 .1 2 2 1 .9 2
PA[MN.m"2] 1278 1188 1150 1092 1059 980 902
PB[MN.m“ 2] 855 842 830 804 788 739 683
e [ l l 60 .6 3 59 .9 3 5 9 .5 0 5 8 .7 1 58 .18 5 6 .5 8 5 4 .7 0
R[KN] 8 .647 6 .6 9 2 6 .0 1 2 5 .147 4 .7 2 8 3 .8 8 0 3 .2 2 0
M l ] 4 8 .0 7 44 .3 3 4 2 .4 4 3 9 .3 7 37 .49 32 .51 2 7 .1 7
FC[KN] 4 .2 4 0 3 .353 3 .051 2 .6 7 3 2 .4 9 2 2 .1 3 7 1 .865
Ft [KN] 6 .433 4 .676 4 .0 5 5 3 .2 6 4 2 .877 2 .0 8 5 1 .474
FS [KN] 5 .7 7 8 4 .7 87 4 .4 3 8 3 .9 7 8 3 .7 5 0 3 .2 7 2 2 .8 7 0
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TABLE 6 PREDICTED RESULTS -  MATERIAL : ENQ
s
[ m m . r e v - 1 ] .057 .079 .099 .158 .244 .334 .488
t 2 [mm] 0 .2 7 4 0 .3 1 8 0 .3 5 8 0 .4 7 6 0 .6 4 8 0 .8 2 8 1 .1 3 6
v O 11 .7 5 13 .95 15 .45 18 .3 6 2 0 .6 3 2 1 .9 6 2 3 .2 4
Tab 5 .0 1 5 4 .2 7 4 3 .8 9 4 3 .3 4 5 3 .0 3 2 2 .8 8 3 2 .7 5 8
e AB 2 .8 9 5 2 .7 4 7 2 .2 4 8 1.931 1 .750 1 .6 6 4 1 .5 9 2
KA B [ M N . n r 2 J 603 594 588 579 574 571 568
A K [ M N . m " 2 ] 45 3 8 .4 0 35 30 2 7 .2 0 2 5 .9 0 2 4 .7 0
PA[MN. m“ 2] 1302 1237 1195 1117 1062 1030 1000
P B [ M N . m " 2 ] 852 853 845 817 790 771 753
©Cll 6 0 .7 5 6 0 .3 8 60 .0 3 5 9 .0 8 5 8 .2 0 5 7 .6 2 5 7 .0 5
R [ K N ] 1 .0 8 8 1 . 2 4 0 - 1 .377 1 .7 8 0 2 .3 7 6 3 .0 0 0 4 .0 6 8
M l ] 49 46 .4 3 4 4 .5 8 4 0 .7 2 3 7 .5 7 3 5 .6 6 33 .81
F S [KN] 0 .5 3 1 0 .6 1 2 0 .687 0 .9 1 4 1 .252 1 .6 0 6 2 .1 2 1
F C [KN] 0 .7 1 3 0 .8 5 4 0 .9 8 0 1 .349 1 .883 2 .4 3 7 3 .3 8 0
F t [KN] 0 .8 2 1 0 .8 9 8 0 .9 6 6 1 .1 6 0 1 .4 4 8 1 .7 4 9 2 .2 6 0
TABLE 7 PREDICTED RESULTS -  MATERIAL : ENa
a
a -10 -5 0 +5 +10 +15 +20
t 2 [mm] .653 .640 .630 .627 .607 .595 .584
v O 19 .06 2 0 .2 0 2 1 .1 7 2 1 .8 6 2 3 .0 5 2 3 .8 9 24 .6 1
tab 3 .4 5 3 .1 9 2 .9 7 2 . 7 9 2 .5 8 2 .4 1 2 . 2 6
eAB 1 .9 9 1 .8 4 1.71 1.61 1 .4 9 1 .3 9 1 .3 0
KAB[MN.m-2] 581 576 572 569 564 561 557
AK[MN.m“ 2] 31 2 8 .7 2 6 .7 25 23 2 1 .7 20
PA[MN.m” 2] 1106 1074 1047 1028 995 974 953
PB[MN.m"2] 796 787 780 777 763 757 750
© G 5 8 .2 7 5 8 .2 4 5 7 .9 4 5 7 .7 7 57 .31 57 .0 5 56 .8 1
R[KN] 2 . 6 2 2 .4 3 2 .2 9 2 . 2 0 2 .0 5 1 .95 1 .8 7
M l ] 29 .51 33 .0 5 3 6 .7 7 40 .91 4 4 .2 6 4 8 .1 6 5 2 .5 0
FS [KN] 1 .3 6 1 .2 8 1.21 1 .1 7 1.11 1 .0 6 1 .0 3
FC[KN] 2 . 0 2 1 .92 1 .83 1 .7 8 1 .70 1 .6 3 1 .5 9
Ft [KN] 1 .6 6 1 .50 1 .37 1 .2 9 1 .15 1 .0 7 1 .0 0
+25
.572  
25 .21  
2 . 1 2  
1 . 22  
554 
19 
936 
745 
5 6 .6 6  
1.81  
5 6 .4  
1 . 00  
1 .55  
.946
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TABLE 8 : EXPERIMENTAL RESULTS -  MATERIAL : ALUMINIUM
V S a Fc Ft
I.MN-1 ] [MM.REV- 1 ] a [KN] [KN]
30 .488 o' 1 .950 1 .5 0 0
60 - - 1.725 1 .0 0 0
80 - - 1.625 .875
120 - - 1 .500 .725
150 - - 1 .450 .675
250 - - 1 .275 .450
400 - - 1 .225 .365
200 .057 0* .300 .200
- .079 - .370 .250
- .099 - .430 .310
- .158 - .580 .340
- .244 - .800 .420
- .344 - 1 .210 .490
- .488 - 1 .320 .510
200 .244 -10 .850 .530
- - -5 .810 .460
- - 0 .800 .410
- - +5 .800 .410
- - +10 .720 .300
- - +15 .720 .300
- - +20 .670 .220
+25 .650 .230
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TABLE 9 PREDICTED RESULTS -  MATERIAL : ALUMINIUM
V
[m.min- 1 ] 30 60 80 120 150 250 400
t 2 [mm] 2 .3 7 1 .95 1 .80 1 .60 1.51 1.31 1 .15
P i l l 1 1 .6 3 14 .0 5 15 .16 16 .96 17 .90 2 0 .4 3 23
tab 5 . 0 6 4 .2 4 3 .9 6 3 .5 8 3 .4 2 3 . 0 6 2 .7 8
eAB 2 . 9 2 2 . 4 4 2 .2 8 2 .0 6 1.97 1 .7 6 1 .60
KAB[MN.m2] 229 225 224 222 221 218 216 -
AK[MN. m“ 2 ] 19 16 15 13 .6 13 11 .6 10 .5
PA[MN.m~2] 495 468 457 439 430 405 382
PB[MN.m- 2 ] 305 308 307 303 300 289 277
© G 6 0 .2 0 5 9 .8 9 56 .61 59 .1 0 5 8 .8 0 5 7 .8 6 5 6 .7 5
R[KN] 3 .5 7 2 .8 8 2 .6 5 2 .3 1 2 .1 6 1 .83 1 .57
M l ] 48 .5 7 4 5 .8 4 44 .45 42 .14 4 0 .9 37 .4 3 33 .7 5
FS [KN] 1 .77 1 .4 4 1.33 1 .18 1 .12 .97 .86
FC[KN] 2 .3 5 2 . 0 0 1 .88 1.71 1 .63 1 .45 1.31
Ft [KN] 2 .6 7 2 .0 7 1.85 1 .5 5 1.41 1.11 .87
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TABLE 10 : PREDICTED RESULTS -  MATERIAL : ALUMINIUM
S
[mm.rev- 1 ] .057 .079 .099 .158 .244 .334 .481
t 2 [mm] .31 .36 .41 .55 .76 .99 1 .3 6
10 .41 12 .37 13 .57 16 .02 1 7 .7 9 1 8 .6 4 1 9 .7 4
tab 5 . 6 2 4 .7 8 4 .3 8 3 .7 6 3 .4 3 3 . 3 0 3 . 1 4
eAB 3 . 2 4 2 .7 6 2 .5 2 2 .1 7 1 .9 8 1 .9 0 1.81
KAB[MN.m-2] 231 227 226 223 221 220 219
AK[MN.m- 2 ] 21 18 16 .6 14 13 12 .5 12
PA[MN.m- 2 ] 509 485 473 448 430 422 412
PB[MN.m~2] 293 305 307 306 300 297 292
e [ l 3 60 6 0 .1 1 5 9 .9 5 9 .4 5 8 . 8 5 8 .5 5 8 .1 1
R[KN] .46 .53 .61 .80 1 .0 9 1 .41 1 .9 1
M l ] 4 9 . 6 4 7 .7 46 .3 4 3 .4 41 3 9 . 9 3 8 . 4
FS [KN] .23 .26 .30 .41 .58 .73 1.01
FC[KN] .30 .36 .42 .58 .82 1 .0 8 1 .5 0
Ft [KN] .35 .39 .44 .55 .71 .91 1 .1 9
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TABLE 11 : PREDICTED RESULTS -  MATERIAL : ALUMINIUM
a
[1] -10 -5 0 +5 +10 +15 +20
t 2 [mm] .95 .91 .87 00 u> . 79 .75 .70
1 3 .3 7 1 4 .67 15 .6 4 16 .73 17 .76 1 8 .9 2 2 1 .5 5
tab 4 . 6 4 4 . 1 9 3 .8 5 3 .5 3 2 .9 8 2 . 5 6
£AB[MN.nr2] 2 .6 7 2 . 4 2 2 .2 2 2 .0 4 1 .87 1 .7 2 1 .47
KAB[MN.nT2] 227 225 223 221 219 218 215
AK[MN. m“ 2] 17 .6 16 14 .6 13 .4 12 .3 11 .3 9 . 7
PA[MN.m“ 2] 477 463 451 438 427 416 390
PB[MN.m"2] 301 303 305 304 303 303 293
© C l 5 9 .7 3 5 9 .5 6 5 9 .4 6 59.21 59 .0 7 5 8 .7 6 5 7 . 8
R[KN] 1 .4 4 1 .37 1 .27 1.17 1 .0 9 .98 .85
M l ] 3 6 .3 6 3 9 .9 4 3 .8 47 .5 51 .31 5 4 .8 4 5 6 .2 5
FS [KN] .72 .69 .64 .60 .56 .51 .45
FC[KN] .99 .97 .92 .86 .82 .75 .69
Ft [KN] 1 .0 4 .97 .88 .79 .72 .63 .51
-  157 -
TABLE 12 EXPERIMENTAL RESULTS -  MATERIAL : 70-30 BRASS
V S a Fc Ft
[ra.min-1 ] [mm. r e v -1 ] [KN] [KN]
20 .244 0 .870 .480
30 - - .850 .500
60 - - .830 .510
80 - - .840 .500
120 - - .850 .500
150 - - .850 .500
250 - - .880 .450
400 - - .910 .440
200 .057 0 .270 .180
- .079 - .360 .250
- .099 - .430 .280
- .158 - .650 .380
- .244 - .880 .470
- .334 - 1 .080 .560
- .488 - 1 .4 0 0 .650
200 .244 -10 .830 .650
- - -5 .810 .480
- - 0 .830 .510
- - +5 .840 .520
- - +10 .840 .420
- - +15 .850 .370
- - +20 .830 .300
+25 .830 .310
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TABLE 13 PREDICTED RESULTS -  MATERIAL : 70-30 BRASS
V
[m.min- 1 ] 20 30 60 80 120 150 250 400
t 2 [mm] .53 .516 .485 .47 .456 .44 .428 .41
2 4 .7 2 2 5 .3 0 2 6 .7 0 27 .4 3 28 .1 5 29 .0 1 2 9 .6 8 30 .75
tab 2 .6 3 2 . 5 8 2 .4 9 2 . 4 4 2 .4 0 2 . 3 5 2 . 3 2 2 .27
eAB 1.51 1 .4 9 1 .43 1 .4 0 1 .3 8 1 .3 5 1 .3 4 1.31
KAg[MN.m“ 2] 390 388 383 380 379 376 375 _ 372
AK[MN.m- 2 ] 79 7 7 . 4 7 4 .7 7 3 . 2 72 7 0 . 5 6 0 . 5 68
PA[MN.m"23 666 655 627 613 602 585 575 557
P g [MN. m“ 2] -124 -119 -120 -119 -118 -120 -121 -123
©til 3 4 .7 9 3 4 .6 0 3 3 .4 9 3 3 .0 2 3 2 .5 6 3 1 .7 8 3 1 . 1 8 30 .25
R[KN] .928 .903 .835 .804 .779 .745 .723 .688
x[l] 10 .07 9 . 3 6 . 7 9 5 .5 9 4 .41 2 . 7 2 1 .5 - 0 . 5
FS [KN] .762 .743 .700 .673 .656 .633 .618 .594
FC[KN] .914 .89 .83 .80 .777 .744 .723 .688
Ft [KN] .162 .146 .100 .078 .06 .035 .019 0
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TABLE 14 PREDICTED RESULTS -  MATERIAL : 70-30 BRASS
S
[mm. r e v -1 ] .057 .079 .099 .158 .244 .334 .488
t 2 [mm] .17 .20 .22 .30 .38 .51 .70
<p O 1 8 .0 4 2 1 . 4 4 2 4 .2 2 2 7 .8 3 2 .7 3 3 . 2 3 4 . 8
tab 3 . 4 0 2 . 9 2 2 .6 7 2 .4 2 2 . 2 0 2 . 1 8 2 .1 3
eAB 1.9 5 1 .6 8 1 .5 4 1 .4 0 1 .2 7 1 .2 5 1 .2 3
KAB[MN.m-2] 424 404 392 380 368 366 364
AK[MN.m“ 2] 101 87 80 73 66 65 64
PA[MN.m"2] 823 735 676 608 526 516 492
PB [MN.m"2] -194 -143 -125 -188 -134 -138 -147
0 [ U 3 6 .5 3 6 . 2 35 3 2 .8 28 2 7 . 3 2 5 .3
R[KN] .32 .36 .38 .51 .63 .84 1 .1 5
M i l 18 .52 1 4 .6 10 .7 5 .0 4 - 4 . 6 6 - 5 . 9 1 - 9 . 5 3
FS [KN] .26 .29 .31 .43 .55 .75 1 .0 4
FC[KN] .30 .35 .38 .51 .62 .83 1 .1 3
Ft [KN] .10 .09 .07 .04 - 0 . 0 5 - 0 . 0 8 - 0 . 1 9
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TABLE 15 PREDICTED RESULTS -  MATERIAL : 70-30 BRASS
a
H i -10 -5 0 +5 +10 +15 +20 +25
t 2 [mm] 0 . 4 0 . 4 0 .4 1 0 .4 2 0 . 4 2 0 .4 3 0 .4 3 0 .4 4
<p['J 2 8 .4 8 2 9 .6 4 3 0 .6 6 31 .5 5 3 2 .2 2 3 2 .7 5 33 .11 33 .1 8
tab 2 .6 3 2 . 4 4 1 .18 1 .1 2 1 .9 9 1 .87 1 .7 6 1.67
eAB 1.51 1 .40 1.31 1 .2 2 1 .1 5 1 .0 8 1.01 0 .9 6
KAB[MN.m” 2] 390 380 372 363 356 349 342 - 336
AK[MN.m“ 2] 79 73 68 6 3 .6 5 9 . 7 56 53 50
PA[MN.m“ 2 ] 615 599 558 553 515 498 484 474
PB[MN.m” 2] -175 -133 -126 -103 -82 -63 -44 -26
e [ l ] 2 9 . 4 31 .5 1 3 0 .1 4 3 0 .6 4 3 1 .3 0 3 1 .9 3 3 2 .7 5 3 3 .6 9
R[KN] .767 .736 .689 .659 .639 .621 .608 .603
M l ] - 9 . 0 6 - 3 . 1 3 - 0 . 5 2 4 .0 8 9 . 0 8 14 .18 19 .64 25.51
FS [KN] .668 .627 .595 .567 .546 .527 .511 .501
FC[KN] .767 .736 .689 .659 .639 .621 .608 .603
Ft [KN] .006 .024 - 0 . 0 0 6 - 0 . 0 1 - 0 . 0 1 - 0 . 0 0 7 - 0 . 0 0 3 - 0 .0 0 5
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TABLE 16 : CHIP THICKNESS RATIO VERSUS CUTTING SPEED
Speed
U
Chip t h i c k n e s s  r a t i o r C ”  * l / * 2
[m.min"1] ENe Aluminium 70-30  Brass
20 - - 0 .4 6 0
30 0 .2 2 2 0 .2 0 6 0 .4 7 2
60 0 .2 8 0 0 .2 5 0 0 .5 0 3
80 0 .3 0 7 0 .271 0 .5 1 9
120 0 .351 0 .3 0 5 0 .5 3 5
150 0 .3 7 7 0 .3 2 3 0 .5 5 4
250 0 .4 4 6 0 .3 7 2 0 .5 7 0
400 0 .5 2 5 0 .4 2 4 0 .5 9 5
TABLE 17 : CHIP THICKNESS RATIO VERSES UNDEFORMED
THICKNESS
Undeformed
Chip Chip t h i c k n e s s  r a t i o  rr -  t . / t
Thickness
t 1 [mm.rev- 1 ] ENe
0 .0 5 7  0 .2 0 8
0 .0 7 9  0 .2 4 8
0 .0 9 9  0 .2 7 6
0 .1 5 8  0 .3 2 0
0 .2 4 4  0 .3 7 6
0 .3 3 4  0 .4 0 3
0 .4 8 8  0 .4 3 0
Aluminium 70-30  Brass
0 .183 0 .3 3 5
0 .220 0 .3 9 5
0.241 0 .4 5 0
0 .287 0 .5 2 6
0.321 0 .6 4 2
0 .337 0 .6 5 5
0 .3 5 8 0 .6 9 7
CHIP
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TABLE 18 : CHIP THICKNESS RATIO VERSES RAKE ANGLE
Rake 
Angle a  
(d e g r e e )
Chip t h i c k n e s s  r a t i o  r c -  * 1 / ^ 2  
ENa Aluminium 70 -30  Brass
-10 0 .3 7 3 0 .2 5 6 0 .6 1
-5 0 .3 8 1 0 .2 6 8 0 .6 1
0 0 .3 8 7 0 .2 8 0 0 .591
+5 0 .3 8 9 0 .2 9 3 0 .581
+10 0 .4 0 2 0 .3 0 8 0 .581
+15 0 .4 1 0 0 .3 2 5 0 .5 6 7
+20 0 .4 1 7 0 .3 4 8 0 .5 6 7
+25 0 .4 2 6 - 0 .5 5 5
TABLE 19 : BUILT-UP EDGE SIZE VERSUS SPEED
ENs
Speed V[m.min"1] B u i l t - u p  edge BUE 
30 0 .0 7
60 0 .0 4 8
80 0 .0 4 8
150 0 .0 2 4
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TABLE 20 : LENGTH/WIDTH OF THE PRIMARY SHEAR ZONE VERSUS
CUTTING SPEED WHEN MACHINING ENa
Speed Vfm.min- 1 ] Ls /As
30 8 .1 9
60 11 .96
ENa 80 12 .1 9
150 13 .62
Brass 120 8 .8 7
TABLE 21 : THE CONSTANT 5 IN THE WIDTH OF THE SECONDARY
SHEAR ZONE St 2 VERSUS SPEED WHEN MACHINING ENa
Speed V[m.min 1 ] 5
30 0 . 0 6
60 0 .0 5 5
ENe 80 0 . 0 4
150 0 .051
Brass 120 0 .0 4 9
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TABLE 22 : PREDICTED RESULTS FOR ENe
AS,
*1
s i n  y? 6
V[m.min” 1 ] 30 60 80 120 150 250 400
t 2 [mm] 2 . 1 9 1 .745 1 .5 88 1 .3 9 0 1 .2 9 2 1 .0 9 2 0 .9 7 6
12 .56 1 5 .6 9 17 .00 19 .3 4 2 0 .6 9 2 4 .0 7 27 .5 3
tab 4 .7 1 3 .8 5 3 .5 6 3 . 2 0 3 . 0 2 2 .6 8 5 2 .4 4
eAB 2 . 7 2 2 . 2 2 2 .05 1 .8 4 1 .7 4 1 .55 1 .4 0
KAB[MN.m"2] 600 587 583 576 573 567 561
AK[MN.m"2] 4 2 .3 2 3 4 .5 9 31 .9 8 2 8 .7 5 2 7 .1 3 2 4 .1 2 2 1 .9 2
PA[MN.m“ 2] 1278 1188 1150 1092 1059 980 902
PB[MN.m“ 2] 1024 980 958 920 897 835 768
© C l 6 2 .4 6 6 1 .5 6 61 .05 6 0 .2 0 5 9 .6 3 58 5 6 .1 0
R[KN] 9320 7148 6394 5465 5000 4100 3400
M i l 4 9 . 9 46 44 4 0 .8 6 39 34 2 8 .5
FC[KN] 6000 4965 4600 4130 3885 3400 2990
Ft [KN] 7130 5140 4440 3575 3146 2300 1622
AS,[mm] 0 .3 7 3 0 .3 0 2 0 .2 7 6 0 .2 4 5 0 .2 3 0 0 .1 9 9 0 .1 7 5
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TABLE 23 : PREDICTED RESULTS FOR ENa
V[m.min“ 1 ] 30 60 80 120 150 250 400
t 2 [mm] 2 . 1 9 1 .745 1 .588 1 .390 1 .2 9 2 1 .0 9 2 0 .9 3 6
P i l l 1 7 .5 6 15 .6 2 17 .08 19 .3 4 2 0 .6 9 2 4 .0 7 27 .5 3
tab 4 .7 1 3 .8 5 3 .5 6 3 .2 0 3 . 0 2 2 .6 8 5 2 . 4 4
eAB 2 . 7 2 2 . 2 2 2 .0 5 1 .8 4 1 .7 4 1 .5 5 1 .4 0
KAB[MN.m-2] 600 587 583 576 573 567 561
AK[MN.nT2] 4 2 .3 2 3 4 .5 9 3 1 .9 8 28 .7 5 2 7 .1 3 2 4 . 1 2 2 1 .9 2
PA[MN.m-2] 1278 1188 1150 1092 1059 980 902
PB[MN.m“ 2] 6 8 5 .5 2 7 0 3 .7 4 70 2 .2 8 689 .5 679 642 595
©El] 5 8 .5 6 5 8 .1 8 57.81 5 7 .1 0 5 6 .6 0 55 5 3 .1 5
R[KN] 8260 6456 5818 4997 4600 3795 3160
M il 46 4 2 .5 6 40 .7 3 3 7 .7 6 36 31 2 5 .6 3
FC[KN] 5738 4755 4400 3950 3720 3250 2850
Ft [KN] 5940 4366 3800 3060 2700 1955 1366
ASy [mm] 0 .1 6 0 0 .1 2 9 0 .1 1 8 0 .1 0 5 0 .0 9 8 0 .0 8 5 0 .0 7 5
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TABLE 24 : PREDICTED RESULTS FOR ENe
Vfm.min- 1 ] 30 60 80 120 150 250 400
t 2 [mm] 2 .1 9 1 .7 45 1 .588 1 .390 1 .2 9 2 1 .092 0 .9 3 6
v O 12 .56 15 .62 17 .0 8 19 .3 4 2 0 .6 9 2 4 .0 7 2 7 .5 3
tab 4 .71 3 .8 5 3 . 5 6 3 .2 0 3 . 0 2 2 .6 8 5 2 . 4 4
eAB 2 .7 2 2 . 7 2 7 .0 5 1 .8 4 1 .7 4 1 .5 5 1 .4 0
KAB[MN.m-2] 600 587 583 576 573 567 561
AK[MN.m” 2] 42 .3 2 3 4 .5 9 3 1 .9 8 28 .7 5 2 7 .1 3 2 4 .1 2 2 1 .9 2
PA[MN. m“ 2] 1278 1188 1150 1092 1059 980 902
Pg{MN.m- 2 ] -838 -540 -450 - 3 4 5 .5 - 2 9 7 . 5 -226 -194
9 ( 1 ] 20 .13 2 8 .8 9 3 0 .9 7 32 .9 4 3 3 .6 0 3 3 .6 2 3 2 .2 5
R[KN] 4589 3888 3615 3236 3040 2600 2240
M l ] 7 .5 7 13 .27 13 .89 13 .60 12.91 9 . 5 5 4 .7 5
FC[KN] 4550 3784 3509 3145 2960 2564 2233
Ft [KN] 604 892 867 760 678 431 185
<dS1 [mm] 0 .0 4 4 0 .0 3 6 0 .0 3 3 0 .0 2 9 0 .0 2 7 0 .0 2 3 0 .021
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TABLE 25 : PREDICTED RESULTS FOR ALUMINIUM
V[m.min“ 1] 30 60 80 120 150 250 400
t  2 [mm] 2 .3 7 1 .95 1 .8 0 1 .60 1.51 1.31 1 .1 5
11 .63 14 .05 15 .16 16 .96 17 .9 0 2 0 .4 3 23
tab 5 .0 6 4 .2 4 3 .9 6 3 .5 8 3 . 4 2 3 . 0 6 2 . 7 8
€AB 2 .9 2 2 .4 4 2 .2 8 2 .0 6 1 .97 1 .7 6 1 .6 0
KAB[MN.nT2] 229 225 224 222 221 218 216
AK[MN.m“ 2] 19 16 15 13 .6 13 11 .6 1 0 .5
PA[MN.m- 2 ] 495 468 457 439 430 405 382
PB[MN. m“ 2] 381 372 367 357 352 335 320
© t i l 6 2 .3 9 6 1 .8 2 6 1 .4 6 6 0 .8 4 6 0 .5 2 5 9 .5 0 5 8 .3 9
R[KN] 3827 3065 2800 2440 2280 1920 1647
M l ] 5 0 .7 6 4 7 .8 4 6 .3 0 4 3 .8 4 2 .6 2 39 3 5 .3 9
FC[KN] 2420 2060 1935 1760 1675 1490 1340
Ft [KN] 2965 2270 2025 1688 1545 1210 955
A S 1 [mm] 0 .4 0 0 .3 3 3 0 .3 0 9 0 .2 7 7 0 .2 6 3 0 .2 3 2 0.20 '
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TABLE 26 : PREDICTED RESULTS FOR ALUMINIUM
V[m.min” 1] 30 60 80 120 150 250 400
t 2 [mm] 2 .3 7 1 .95 1 .8 0 1 .6 0 1.51 1.31 1 .15
11 .63 14 .05 15 .16 19 .9 6 17 .9 0 20 .4 3 23
tab 5 .0 6 4 .2 4 3 . 9 6 3 . 5 8 3 .4 2 3 . 0 6 2 . 7 8
eAB 2 . 9 2 2 .4 4 2 . 2 8 2 . 0 6 1 .97 1 .7 6 1 .6 0
KAB[MN.ra-2] 229 225 224 222 221 218 216
AK[MN.m~2] 19 16 15 1 3 .6 13 11 .6 10 .5
PA[MN.m"2] 495 468 457 439 430 405 382
PB[MN.m"2] 229 244 247 248 248 243 235
e [ l ] 5 7 .6 8 57 .7 0 5 7 .5 2 5 7 .1 2 5 6 .9 0 56 55
R[KN] 3318 2708 2490 2190 2056 1745 1505
Ml] 46 43 .6 5 4 2 .6 3 4 0 .1 6 39 3 5 .6 0 32
FC[KN] 2305 1960 1832 1675 1598 1418 1276
Ft [KN] 2386 1870 1686 1412 1294 1015 737
AS, [mm] 0 .1 7 3 0 .1 4 3 0 .1 3 3 0 .1 2 0 0 .1 1 3 0 .0 9 9 0.08!
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TABLE 27 : PREDICTED RESULTS FOR 70-30 BRASS
V[m.min“ 1] 20 30 60 80 120 150 250 400
t  2 [mm] .53 .516 .485 .47 .456 .44 .428 .41
2 4 .7 2 2 5 .3 0 2 6 .7 0 2 7 .4 3 2 8 .1 5 29 .01 2 9 .6 8 30 .7 5
tab 2 .6 3 2 .5 8 2 . 4 9 2 . 4 4 2 . 4 0 2 .3 5 2 . 3 2 2 .2 7
kab 390 388 383 380 379 376 375 372
AK[MN.nT2] 79 77 .4 7 4 .7 7 3 . 2 72 7 0 .5 6 9 .5 68
PA[MN. m“ 2] 666 655 627 613 602 585 575 557
Pg[MN.m“ 2] 192 190 179 174 170 162 158 149
©[13 4 7 . 7 2 47 .43 46 .4 5 4 . 6 4 5 .5 2 4 4 .8 0 4 4 .3 4 4 3 .5 0
R[KN] 1133 1097 1011 970 937 893 865 820
M l ] 23 22 .1 3 19 .75 18 .57 17 .3 7 1 5 .8 14 .6 6 12 .75
FC[KN] 1043 1016 950 920 895 860 836 780
Ft [KN] 442 413 341 310 280 243 220 180
AS1[mm] 
(6)
0 .0 9 7 0 .0 9 3 0 .0 8 9 0 .0 8 6 0 .0 8 4 0 .0 8 2 5 0 .0 8 2 0 .0 7 9
AS} [mm] 
(10)
0 .0 5 8 0 .057 0 .0 5 4 0 .0 5 3 0 .0 5 2 0 .0 5 0 0 .0 4 9 0 .0 4 7
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TABLE 28 : PREDICTED RESULTS FOR 70-30 BRASS
when -r=;------ :------AS 1 s 1 n ip
V[ra.rain 1 ] 20 30 60 80 120 150 25C
* 1 [mm] 0 .0 5 7 0 .0 7 9 0 .0 9 9 0 .1 5 8 0 .2 4 4 0 .3 3 4 0.48?
<p O 18 .0 4 2 1 .4 4 2 4 .2 2 2 7 . 8 3 2 . 7 3 3 . 2 3 4 . 8
tab 3 . 4 0 2 .9 2 2 .6 7 2 . 4 2 2 . 2 0 2 . 1 8 2 . 1 3
eAB 1.95 1 .6 8 1 .5 4 1 .4 0 1 .2 7 1 .2 5 1 .2 3
KAg [ MN. m" 2] 425 404 392 380 368 366 364
AK[MN.m“ 2] 101 87 80 73 66 65 64
PA [ MN. m” 2 ] 823 735 676 608 526 516 492
PB[MN.m“ 2 ] 212 213 196 170 130 126 108
e [ l ] 5 0 .6 7 49 .5 5 4 8 .0 4 4 5 .6 7 41 .7 1 4 1 .2 5 3 9 .4 9
R[KN] 4 1 2 .5 450 .85 474 617 745 995 1350
x t l l 3 2 .6 3 28 .11 2 3 .8 2 17 .87 9 .0 1 8 .0 5 4 . 6 9
f c [KN] 3 4 7 .4 3 9 7 .6 4 3 3 .6 587 736 985 1346
Ft [KN] 222 212 191 189 116 .5 139 110
AS1 [mm] 
(6)
0 .0 3 0 0 .0 3 6 0 .0 4 0 0 .0 5 6 0 .0 7 5 0 .101 0 .1 4 2
AS.,[mm] 0 .0 1 8 0 .021 0 .0 2 4 0 .0 3 3 0 .0 4 5 0 .0 6 1 0 .0 8 5
( 10)
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TABLE 29 : PREDICTED RESULTS -  MATERIAL : ENe
V
[m.min- 1 ] 30 60 80 120 150 250 400
t 2 [mm] 2 .3 2 7 1 .807 1 .626 1 .403 1 .2 9 3 1 .073 .904
1 1 .9 4 15 .11 16 .70 19 .18 20 .61 2 4 .4 5 2 8 .3 6
tab 2 .4 8 5 1 .98 1.81 1.61 1.51 1 .3 2 1 .2 0
eAB 1 .4 4 1 .15 1 .0 5 .93 .87 .76 .69
KAB[MN.m-2] 562 550 545 538 535 528 523
©El] 5 7 .4 3 5 5 .4 6 5 4 .4 0 5 2 .6 4 5 1 .5 6 4 8 .3 9 44 .71
R[KN] 7 . 8 2 5 .7 2 5 .0 0 4 .1 5 3 .7 5 2 .9 5 2 . 3 8
Ml] 4 5 .6 1 4 0 .3 5 3 7 .7 0 3 3 .4 6 3 0 .8 9 2 3 .9 4 16 .35
FS[KN] 4 .2 1 3 . 2 4 2 .9 0 2 .5 0 2 .3 3 1 .9 6 1 .7 0
Ff [KN] 5 . 6 0 3 .7 0 3 .0 6 2 .2 8 1 .9 2 1 .2 0 .67
N[KN] 5 .4 7 4 .3 6 3 .9 6 3 .4 6 3 .2 1 2 . 7 0 2 . 3 0
FC[KN] 5 .4 7 4 .3 6 3 .9 6 3 .4 6 3 .2 1 2 . 7 0 2 . 3 0
Ft [KN] 5 .6 0 3 .7 0 3 .0 6 2 .2 8 1 .9 2 1 .2 0 .67
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TABLE 30 : PREDICTED RESULTS -  MATERIAL : ENe
S
[ m i n . r e v - 1 ] 0 .0 5 7 .079 .099 .158 .244 .334 .488
t 2 [mm] .274 .318 .358 .476 .648 .828 1 .136
M l l 11 .75 13 .95 15 .45 18 .36 2 0 .6 3 2 1 .9 6 2 3 .2 4
tab 2 . 5 0 2 . 1 4 1 .95 1 .67 1 .5 2 1 .4 4 1 .3 8
eAB 1 .4 4 1 .2 3 1 .1 2 0 .9 6 0 .8 7 0 .8 3 0 .7 9
KAB[MN.m-2] 562 554 548 540 535 532 530
©111 5 7 .5 0 5 6 .1 8 55 .22 5 3 .2 6 5 1 .5 6 5 0 .5 0 4 9 .4 3 “
R[KN] .922 1 .032 1.125 1 .4 30 1 .8 7 7 2 .3 5 0 3 .1 7 5
M l ] 4 5 .7 5 4 2 .2 3 39 .77 35 31 2 8 .5 4 2 6 .2 0
FS [KN] .495 .57 .64 .85 1 .1 7 1 .5 0 2 .0 7
F[KN] 0 . 6 6 0 . 6 9 0.71 0 . 8 2 0 .9 7 1 .1 2 1 .4 0
N[KN] 0 . 6 4 0 . 7 6 0 .8 6 1 .1 7 1 .61 2 . 0 7 2 .8 5
FC[KN] 0 . 6 4 0 . 7 6 0 .8 6 1 .17 1.61 2 .0 7 2 .8 5
Ft [KN] 0 . 6 6 0 . 6 9 0 .7 2 0 . 8 2 0 .9 7 1 .1 2 1 .4 0
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TABLE 31 : PREDICTED RESULTS -  MATERIAL : ENa
a
a -10 -5 0 +5 +10 +15 +20
t 2 [mm] .653 .641 .630 .627 .607 .595 .584
19 .0 6 2 0 .1 9 2 1 .1 7 2 1 .8 6 23 .0 5 2 3 .8 9 24 .61
tab 1 .725 1 .6 0 1 .4 8 1 .4 0 1 .2 9 1 .2 7 1 .13
€AB 0 .9 9 5 .923 .954 .808 .745 .733 .652
KAB[MN.nf 2 ] 542 538 534 531 527 526 520.
©[1] 5 2 .1 2 5 1 .8 9 51 .1 1 5 0 .5 9 4 9 .6 0 48 .91 4 8 .2 6
R[KN] 2 .1 0 0 1 .9 4 0 1 .800 1 .700 1 .600 1 .500 1 .440
M l ] 2 3 .6 6 2 6 .7 2 9 .9 4 3 3 .7 4 36 .5 5 4 0 .0 2 43 .6 5
FS [KN] 1 .27 1 .2 0 1 .13 1 .0 8 1 .0 4 .985 .960
FC[KN] 1 .7 5 1 .65 1 .5 6 1 .5 0 1.43 1 .3 6 1 .3 2
Ft [KN] 1 .1 6 1 .0 2 .90 .82 .715 .635 .58
+25
.572
25 .71  
1 .06
.612
516
47 .72  
1.400
47 .51
.940
1 .3 0
.536
